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Abstract: 
The coast of SE-Vietnam, extending between Nha Trang and Phan Thiet, was explored in 
terms of beachrock formation, sea-level fluctuations and shallow water temperature during the 
mid-Holocene in comparison with present time.  
Beachrock formations were found at three places. Petrographic observations, chemistry 
analyses of Mg and Sr as well as isotopic results of δ18O and δ13C indicated beachrock 
lithification in marine environment within the phreatic zone. The early cement types are 
constituted by micritic high-Mg calcite and aragonite crystals. In addition, blade cement type 
was found indicating meteoritic recrystallization of the most elevated beachrocks which are 
located today in supratidal position. 
The age of the beachrocks covers a period from 6721 to 642 cal yr BP. It can be divided into 
three intervals: 6721 to 5869 cal yr BP as an older period of beachrock formation, followed 
by 3760 to 3272 cal yr BP showing a probable second stage of cementation, and the youngest 
cement formation from 1210 to 642 cal yr BP. 
The age of the beachrocks were correlated with other sea-level indicators such as beachridge, 
backshore and washover deposits. They were explored in order to determine the sea-level 
fluctuations from mid-Holocene to the present time.  
Records of sea-level highstand started between 6721 to 5869 cal yr BP with an average of 
1.32 m above the modern mean sea level (amsl) indicated by oldest beachrocks. 
Subsequently, it rose until 2.67 m as maximum spring-tidal level between 5687 to 5377 cal 
yr BP, measured in at the base of Ca Na beachridge. This corresponds to a mean sea-level of 
1.52 m after subtraction of the half-tidal range of 1.15 m. The drop of the sea-level started 
after the 5377 cal yr BP with a linear decrease from 4500 cal yr BP until present time. 
Therefore, the probable coastal scenery during the mid-Holocene sea-level highstand shows 
that the beachrocks formed within the intertidal zone and beachridge was deposited in the 
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supratidal zone. Both indicators denote the same period of formation within the interval of 
6721 to 5377 cal yr BP during mid-Holocene sea-level highstand.  
From the Ca Na beachridge a sample of Spondylus sp, bivalve dated at 5537 ± 55 cal yr BP 
was analysed for δ18O and δ13C isotopes along its growth-path. From the stable isotope 
records shallow-water temperatures during the mid-Holocene sea-level highstand were 
calculated. Paleotemperature values were compared to present water temperature from NOAA 
at two different geographic positions, inside and outside of the investigation area taking into 
account a costal upwelling.  
The results of the comparison paleotemperature and modern water temperature in two 
positions showed a seasonal difference. During summertime the water temperature in the mid-
Holocene was approximately 1° C warmer than at the present water temperature. 
Higher paleotemperatures found in shallow water along the SE-Vietnam coast during the mid-
Holocene could be responsible for excessive coral mortality. The following hypothesis is 
suggested: firstly, warm water temperatures induced the bleaching of corals; secondly, 
beachridge deposit consisting mainly of skeleton from marine organisms might indicate the 
deposition after their death. 
The present study demonstrates that the coastal evolution in SE-Vietnam was strongly 
influenced by mid-Holocene sea-level highstand and the warming of coastal waters. 
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Kurzfassung  
Die Küste von SO-Vietnam wurde zwischen den Städten Nha Trang and Phan Thiet 
untersucht. Im Mittelpunkt stand die Bildung von Beachrocks im Zusammenhang mit 
Meeresspiegelschwankungen und die Rekonstruktion der Wassertemperatur während des 
mittleren Holozäns. 
Die Beachrocks wurden an drei Standorten gefunden. Die petrographische und chemische 
Auswertung sowie die Isotopenwerte von δ18O und δ13C zeigt, dass die Beachrocks im 
marinen Milieu innerhalb des phreatischen Bereichs gebildet wurden. Der Originalzement der 
Beachrocks besteht aus Mikrit mit hoch-Mg Calzit und Aragonit. Außerdem wurde in den 
heute höchstgelegenen Beachrocks in supratidaler Position ein Bladezementtyp gefunden, der 
ein Anzeichen für den Einfluss von Süßwasser ist. 
Das Alter der Beachrocks erstreckt sich über einen Zeitraum von 6721 bis 642 Kalenderjahren 
vor heute, der in drei Phasen unterteilt ist: von 6721 bis 5869 Kalenderjahren vor heute 
entstand die älteste Beachrockformation, darauf folgt von 3760 bis 3272 Kalenderjahren vor 
heute die zweite Phase, in der Beachrocks gebildet wurden, und die jüngste 
Beachrockformation entstand zwischen 1210 und 640 Kalenderjahren vor heute.  
Das Alter der Beachrocks wurde gemeinsam mit Ablagrungen vom Strandwall, Oberen 
Strand und Durchbruchsfächer als weitere Anzeichen der Meeresspiegelschwankungen vom 
mittleren Holozän bis in die Gegenwart untersucht. 
Die Meeresspiegelschwankungen begannen zwischen 6721 bis 5869 Kalenderjahren vor heute 
mit einem Mittelwert von 1.32 m über dem heutigen mittleren Meeresspiegel, was aus den 
Werten der Beachrocks berechnet wurde. Infolgedessen lag der Anstieg bis zum 
Meeresspiegelhochstand zwischen 5687 und 5377 Kalenderjahren vor heute bei + 2.67 m als 
maximale Springtide und bei + 1.52 m als mittlerer Meeresspigel. 1.52 m wurde aus dem 
Höchststand (2.67 m) minus 1.15 m berechnet, der Hälfte des Wertes des heutigen Tidenhubs. 
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Nach 5377 Kalenderjahren vor heute sank der Meeresspiegel ab 4500 Kalenderjahren linear 
zum heutigen Niveau ab.  
Dadurch entstanden an der Küste im mittleren Holozän Beachrocks in der Gezeitenzone und 
Strandwälle in der supratiden Zone. Die beiden Meeresspiegelindikatoren deuten auf die 
gleiche Zeit hin, nämlich zwischen 6721 bis 5377 Kalenderjahren vor heute, den Höchstand 
des Meeresspiegels.  
Am Beachridge von Ca Na wurde eine Schale der Muschel Spondylus sp analysiert. Die 
Muschel wurde auf 5537 ± 55 Kalenderjahre vor heute datiert. Aus der Schale wurden 
entsprechend dem Schalenwachstum eine Serie von Karbonat-Mikroproben entnommen und 
das stabile Isotop 18O gemessen. Aus den stabilen Isotopenwerten wurde die Wasser-
Paläotemperatur berechnet. 
Die Ergebnisse der Paläotemperaturrekonstrution wurden mit den heutigen 
Wassertemperaturen an zwei unterschiedlichen geographischen Positionen verglichen, 
innerhalb und außerhalb des Untersuchungsgebiets, da an der sudöstlichen Küste von 
Vietnam ein Auftriebgebiet liegt. 
Die Paläotemperaturergebnisse, verglichen mit der heutigen Wassertemperatur an diesen zwei 
Positionen, zeigen einen saisonalen Unterschied an. Während der Sommersaison war die 
Wassertemperatur im mittleren Holozän um ca. 1° C höher als die derzeitige 
Wassertemperatur.  
Die erhöhte Temperatur der Küstengewässer von SO-Vietnam während des mittleren 
Holozäns war vermutlich verantwortlich für die erhöhte Mortalität der Korallen. Diese 
Hypothese basiert auf folgenden Annahmen: Erstens führte die warme Wassertemperatur das 
„Bleaching“ der Korallen herbei. Zweitens könnte der Strandwall eine Ablagerung dieser 
Korallen nach ihrem Tod sein, weil seine Ausgestaltung hauptsächlich aus Skeletten von 
Meeresorganismen besteht. 
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Aus den oben beschriebenen Untersuchungen lässt sich der Schluss ziehen, dass die 
Küstenentwicklung von SO-Vietnam durch den Meeresspiegelhochstand und die Erwärmung 
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Fig. 1.1. Map localizing the work area between the towns of Nha Trang and Vung Tau on the 
SE-Vietnam coast. 
 
Fig. 1.2. Principal geological features of the southern part of Vietnam (cf. Fontaine & 
Workman, 1997).  
 
Fig. 1.3. Upper layer circulation patterns on the western SCS; “AC” represents the 
anticyclonic eddy in the summer season during the southwest monsoon, and “C” represents 
the cyclonic eddy formation in the winter season during the northeast monsoon.   
 
Fig. 1.4. The average sea-surface temperature in °C (dashed line) and salinity in psu (solid 
line) distributions in the western part of the South China Sea near the Vietnamese coast (cf. 
Jia et al. 2006). 
  
Fig. 1.5. Different tidal patterns. 
 
Table. 1.1. The lithostratigraphic units of coastal plains in Vietnam. 
 
2. General Methodology 
 
Fig. 2.1. The working area between Nha Trang and Phan Thiet. The figure shows the field 
research stations and the respective identification of samples. 
 
Fig. 2.2. Tidal elevations at the Mui Dinh sub-station that occurred during the fieldtrip in May 
of 2005. 
 
Table 2.1. Samples elevation corrections according to Mui Dinh tide gauge control. 
 
3. Holocene beachrock formation the SE coastal of Vietnam  
 
Fig. 3.1. The research area is located between Nha Trang and Phan Thiet in SE-Vietnam. The 
positions of the three beachrocks are shown. The Mui Dinh tide gauge was used to correct 
the height of the beachrock samples in relation to the tidal range. 
  
Fig. 3.2. The environments of inorganic calcium carbonate precipitation, indicating the typical 
crystal fabric as well as their range value of δ13C and δ18O (Margaritz, 1983; Coudray & 
Montaggioni, 1986). 
 
Fig. 3.3. The three bodies of beachrocks found on SE-Vietnamese coast.       
 
Fig. 3.4. Sequence of cementation events and morphological forms of cement, displayed in 
plane polarized light. (a) Formation of micritic high-Mg calcite cement represented by “M”. 
(b) Peloidal feature “MP”. (c) Isopachous aragonite “A” on the bioclastic sediment. The 
black arrows indicate the boundary between aragonite and micritic cement. (d) The formation 
of isopachous aragonite fringe “A” in distal positions. The arrows indicate the rim covering 
the sediment. (e) Fibrous aragonite. Black arrow shows the presence of a mesh of aragonite 
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needles. (f) Big forms of aragonite needles; “M” indicates the presence of micritic cement. 
(g) Isopachous aragonite of needle “A” covering the algae fragment. (h) Fibrous isopachous 
aragonite with a black arrow pointing to a dark formation and the white arrow showing the 
bladed form of cement. (i) to (n) SEM-images: (i) The arrow indicates how rim cement 
covers the sediment. (j) Showing the form of aragonite needles. (k) Mesh of needle cement. 
(l) Needles growing onto the sediment. (m) Aragonite needle in Ca Na Beachrock. (n) Shows 
aragonite needle with bioclastic sediment in supratidal zone.  
AF-Algae fragment, Q-Quartz, P-Pore. 
 
Fig. 3.5. The biological constituents found on the cement in SEM-image. (a) Elliptical 
nannobacteria growing on an aragonite needle identified as nannobacterias. (b) Endolithic 
filament of an alga. (c) Bacterial film growing on a cement beachrock with its reproductive 
structure. 
  
Fig. 3.6. Cross-plot of carbon versus oxygen isotopic from cement of beachrocks introduced 
by Milliman 1974, modified by James & Choquette, 1983, including the marine cement fields.  
 
Fig. 3.7. Sediment size distribution from beach sand, where Ca Na Beachrocks were 
localized. The results identified standards in medium and coarse sand. Similar sedimentary 
distributions were found in beachrocks. 
 
Fig. 3.8. The beachrocks and their respective ages are shown in two places. “A” represents the 
ages for the Ca Na Beachrock, whereas “B” represents the ages for the Son Hai Beachrock 
with its uppermost position without dating. 
 
Table 3.1. Samples of beachrocks collected at three locations with their respective elevations 
above the maximum neap-tidal level (amntl) and above the maximum spring-tidal level 
(amstl). 
 
Table 3.2. Oxygen and carbon isotope values and chemical concentration of MgCO3 Mol ‰ 
and Sr ppm; from different cements precipitated in beachrocks. 
 
Table 3.3. Dating of marine fossils sampled in beachrocks, with their position in relation the 
maximum neap-tidal level and above maximum spring-tidal level (cf. Table 2.1). The values 
of carbon isotope were acquired by Accelerator Mass-Spectrometer. 
 
 
4. Holocene sea-level history of SE-Vietnam coast 
 
Fig. 4.1. The working area. Positions of each sample as well as their respective sea-level 
indicators. The tide gauge used from Mui Dinh for correcting the vertical heights is also 
presented. 
 
Fig. 4.2. Picture “a” shows a bivalve cemented in beachrock. Picture “b” within the circle is 
also a bivalve collected from beachridge. Both shells still show their valves connected, 
indicating a short time since they died until deposition. 
 
Fig. 4.3. Geological indicators of sea level presented in the relief on the SE-Vietnamese coast. 




Fig. 4.4. The beachridge deposit found near Ca Na in SE-Vietnam shows two distinct units. 
The upper part is formed exclusively by bioclastic debris framework between 1.80 to 0.90 m. 
The lower part is from 0.90 to 0 m formed by alternating layers of bioclastic debris and 
siliciclates sand. The sea-level scale is connected to the heights of the beachridge. 
 
Fig. 4.5. Holocene sea-level curve for the SE-Vietnamese coast, for mean sea level and 
maximum spring-tide sea level based on different sea-level indicators. Vertical error bars 
mark intertide in beachrocks and minimum extension of supratidal deposits. Symbols cover 
1σ range of calibrated AMS radiocarbon ages.  
 
Fig. 4.6. Picture “a” shows the whole stratigraphic features with 1.80 m in height. Only the 
upper part corresponds to beachridge, reached at 0.90 m; the lower part corresponds to 
sediment bases. Picture “b” shows the height of beachridge in Phan Rang town, which is the 
same as in Ca Na. 
  
Fig. 4.7. Grain size composition of sediment sample Vn 05050502 from the lower part of 
beachridge deposit. The result shows a mixture of predominantly coarse and medium sand. 
 
Fig. 4.8. Mid-Holocene sea-level highstand showing the top of the beachridge at 3.57 m, 
maximum spring-tide sea level of 2.67 m and the mean sea level at 1.52 m put on the 
deposits` features. From 1.80 to 0.90 m is the beachridge deposit with three carbon dating 
indicating ages between 5687 to 5377 cal yr BP. The sequence between 0.90 to 0 m is below 
the beachridge, identified as the upper part of an ancient beach.   
 
Fig. 4.9. The sea-level curve for the Red River - Song Hong Delta - (Tanabe et al., 2006) in 
North Vietnam compared with SE-Vietnamese sea-level curve. The dashed line represents the 
mean sea level, the solid line the maximum spring-tide sea level; similarly of the maximum 
spring-tide sea level in southeast Vietnamese coast and the Red River sea-level envelope.  
 
Fig. 4.10. The parabola shows the correlation between sea-level elevation and latitude 
indicating the rheological adjustment. The crosses mark primary data points selected by 
Grossmann et al. (1998) and the arrow marks the mean sea level measured on the Vietnamese 
coast between 11° and 12° N. 
 
Table 4.1. Radiocarbon ages of sea-level indicators. The elevations are referenced to above 
mean sea level (AMSL) and above maximum spring-tide sea level (AMSTSL). The results of 
14C dating with respective aragonite concentration were calibrated to 1σ enclosing 68.3% of 
probable distribution area. Moreover, three additional samples from the upper Mekong River 
are presented, representing the positions below the present mean sea level. 
 
5. Water-paleotemperature reconstruction during sea-level highstand in SE-Vietnam 
coast 
 
Fig. 5.1. Samples positions of shells collected in the working area between Ca Na and Nha 
Thang. Spondylus sp on the Ca Na coast and M. lusoria and M. lyrata C and D in the Nha 
Trang Bay. 
 
Fig. 5.2. Cutting and drilling of investigated shells. “A” presents the transverse section and 
the profile in M. lusoria with two distances between the holes. “B” shows the profile of the 
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fossil shell Spondylus sp. “C” is a picture of SEM, showing the cross-lamellar structure of 
aragonite. 
 
Fig. 5.3. Cross-plot δ13C vs.δ18O of mollusc shells from SE-Vietnam shows the distribution 
range from marine to freshwater fields of modern and fossil shells. 
 
Fig. 5.4. Stable isotope profile measured on the shells. Grey areas are light δ18O values, 
represented by S1, S2 and S3 in modern shells and Y1 to Y5 in fossil shell. 
 
Fig. 5.5. Precipitation and temperature values from the Nha Trang coast from August 2001 to 
August 2005, used to calibrate δ18OPDB‰ fractions from shells. 
 
Fig. 5.6. Calibration between shell profiles of δ18OPDB‰ with precipitation rate from the Nha  
Trang Bay. The upper graphic shows the precipitation variability from October 2001 to 
August 2005 with warm periods (WP), provided by NOAA/CIRRES; the points represent 
monthly average. The lower graphs contain δ18OPDB‰ from modern shells. The exact months 
are directly linked with δ18OPDB‰, while those that represent the probable months are 
indicated by dash lines. 
 
Fig. 5.7. Monthly variation of SST from January 2002 to June 2005 with the respective 
temperature δ18OPDB‰ of shells; the normalization of points measured in the shell to calendar 
months is required to equalize the seasonal temperature variation with the shells` growth. 
 
Fig. 5.8. Linear regressions between salinity values and δ18O PDB ‰ measured in modern 
shells. 
 
Fig. 5.9. δ13C vs. δ18O values in linear regression from a series of shell samples used to 
recognize the kinetic effect. 
 
Fig. 5.10. The plot shows two profiles: in “a” the probable paleotemperatureδ18OPDB‰ records 
concern the distance on the shell from 36 to 104 mm with δ18Ow varying from 0 to 0.5 ‰ 
(continued line) and the values of temperatures just at 0 ‰ and - 0.5 ‰, showing the 
hydrologic balance between low and high precipitation rates respectively (dashed line). In “b” 
the temperature of modern shells is compared with paleo-water-temperature calculated on 
smow from 0 to 0.5 ‰. 
 
Fig. 5.11. “A” shows the SST of Feb. 1999; in “B” shows the SST in the summer season of 
July 1999. Arrow indicates cold water upwelling from the coast towards the open ocean. The 
shell samples as well as the ESRL water temperature in 12° 24` N were collected in the area 
of upwelling, whereas the ESRL water temperature at 10° 30` N is outside of the upwelling 
area. 
 
Fig. 5.12. The water-temperature records sought to ESRL are presented in two positions. The 
temperature at 10° 30` N is warmer than at 12° 24` N, being a result linked to different 
isotherm.  
 
Fig. 5.13. Comparison between water paleotemperatures (δ18Ow from 0 to -0.5 ‰) sampled in 
the dorsal position from 36 to 104 mm of Spondylus sp and water temperatures ERSL indices 
at the latitude of 10° 30` N from January 2000 to December 2006. The arrows show warmer 
temperature in summer than today. Colder water temperature during winter in 5537 ± 55 cal 
yr BP might be linked to the warmer isothermal at 10° 30` N. 
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Table 5.1. The statistical results of δ18OPDB‰ (O) and δ13CPDB‰ (C) were analysed in species 
shells from Vietnam. 
 
Table 5.2. Shell profiles normalized to calendar months with monthly isotope values and 
water temperature of the Nha Trang region.   
 
Table 5.3. Isotope profiles and temperature values were estimated from the fossil shell 
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1. Introduction 
1.1 General introduction  
The present PhD thesis is a contribution to the Vietnamese-German cooperation in marine 
research sub-project “Holocene coastal evolution, sea-level fluctuations, terrigenous 
sedimentation and sediment dynamics on the continental shelf between the Mekong Delta and 
Nha Trang, Southeast-Vietnam”.  
This Ph.D. thesis is elaborated in nine chapters: 1) Introduction, in which the general topics of 
the study as well as the description of the research area are presented; 2) General 
methodology; 3) Holocene beachrock formation; 4) Holocene sea-level history; 5) 
Paleoceanography of coastal waters; 6) General discussion; 7) Conclusions; 8) References; 9) 
Appendix. 
1.2. Regional setting 
Vietnam is the easternmost country on the Indochina Peninsula (Fig. 1.1). Vietnam extends 
2.000 km from the north to the south, with a total land area of approximately 331.688 km2. 
Moreover, the country stretches along 3260 km of the coast between China and Cambodia.  
In general, Vietnam’s topography consists of hills and is densely forested. Mountains account 
for 40 % with smaller hills accounting 20 % of the area, whereas tropical forests covered 40 
% of the country. Northern shoreline is the Red River Delta and Tonkin Shelf, whereas 
central shoreline small embayment and coastal plains with mountains nearby and narrow shelf 
are found. The southern shoreline is characterized by Mekong Delta and Sunda shelf.  
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Fig. 1.1. Map localizing the work area between the towns of Nha Trang and Vung Tau on the SE-Vietnam coast.   
 
1.2.1. Geology 
Vietnam, together with Cambodia and Laos, belong to the Indochina block on the 
southeastern part of the Eurasian plate. It is one of the several fragments of Gondwana. The 
formation of the Indochina Block arose from the Precambrian metamorphic basement, 
Palaeozoic, Mesozoic and Cenozoic sedimentary rocks (Fontaine & Workman, 1997; Thuy et 
al., 2004).  
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According to Fontaine & Workman (1997), there is an important dislocation in the southern 
region of Vietnam termed the 110° fault, which runs parallel to the Vietnam coast reaching 
the study area in the east. Two fault zones in the region of Nha Trang, trending SW-NE, join 
the 110° fault. They were formed by SE movement of the Indochina block during the 
Himalayan orogeny.  
As far as the tectonic-sedimentation evolution is concerned, the southeast coast of Vietnam 
can be divided into two zones with a different history. The first zone is northern Phu Khanh 
basin, region of Nha Thang town, which has mainly been uplifting since the Neogene. The 
second zone is the southern coastal zone with the Mekong Delta, which was continuously 
subsiding during the Neogene and the Quaternary. The geological features of southern part of 
Vietnam are presented in figure 1.2. 
Actually, the coastal evolution resulted in a variety of morphological structures which are 
genetically related to different coastlines, comprising sea terraces, coastal dunes, salt water 
swamps, coastal plains, basaltic plateaus and inselbergs. A mountainous relief occurs on the 
landward side, reaching several hundred meters in altitude. It is only a few kilometres away 
from the coast, controlling the topography of the hinterland mainly in the northern coastal 
area. Mountain ranges dominate the scenery in the north-south and several branches in the 
east are striking WNW-ESE. They built peninsulas and islands. At some places attached to 
them small alluvial plains and bays occur. Moreover, most of the coastline in the northern part 
consists of rocks and sandy beaches or tidal flats which can only be found inside the bays, 
where small alluvial plains developed. 
Neotectonic movements since the latest Pleistocene up to the Holocene characterise the SE 
coastal area up to the Vinh Hai region, which was a result of a westward tectonic compression 
caused by a transgression of plate movement in the Philippines (Choi et al., 2005). In the 
south region of the Mekong Delta sedimentary compositions show an absence of tectonic 
movements in the Holocene epoch (Nguyen et al. 2000). 
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Fig. 1.2. Principal geological features of the southern part of Vietnam (cf. Fontaine & Workman, 1997).  
1.2.2. Quaternary geology  
Coastal plains are the geomorphologic characteristic of the Vietnamese coast. They are 
sediment deposits originating from the Neogene and the Quaternary periods, completely 
filling depressions formed during tectonic movements in the Cenozoic era. Neogene 
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sediments are distributed largely at the bottom of the plains and are mainly covered by 
Quaternary deposits with two types of accumulation.  
Coastal plains are distributed along the shoreline reaching from the foot of the mountains’ 
margin and going seaward. They have a maximum thickness of 200 m, are formed at the 
mouths of the rivers and occupy 1/3 of Vietnam (Tanabe et al. 2003).  
Quaternary sediments of the Vietnamese coastal plains can be subdivided into four 
lithostratigraphic units (see Table 1.1). They are mainly composed of sand and gravel 
showing a predominance of terrestrial environment. Some layers are characterized by silt and 
clay and portions of marine fossils. Other marine layers are formed as elevated terraces (Tam, 
1991; Mathers and Zalasiewicz, 1999). 
Units Name Thickness Lithology Age Reference 














2° Horizon Yen Mo 
Horizon 






Nghi et al. 
(1998), An 
(1999) 











 80 to 10 m Intercalated 
suits of fluvial 
and marine 
sediments 



















Introduction                                                                                                                                               Chapter 01 
 6 
1.3. Climatic Conditions 
The climate in Vietnam is affected by the monsoon cycle that is by the northeast monsoon in 
winter and southwest monsoon in summer. Vietnam belongs to the humid and warm tropical 
zone; it is basically characterized by two distinct seasons. The summer season is associated 
with heavy rainfall for 6 months from May to November. The winter is associated with the 
dry season, although higher-range climatic periodicities were found (Fairbridge, 1986).  
The mean annual rainfall in the working area is not homogeneous. Near Nha Trang it amounts 
to 1300 mm yr-1 and in the southern area, the Mekong Delta region, reaches 1700 mm yr-1 
(Nguyen, et. al., 2000), with an evaporation of approximately 1000 mm yr-1 (Jia et. al. 2006). 
The mean air temperature in the central and south region, deduced from the last 30 years, is 
27 - 30° C. The maximum temperature measured is 39.9° C, whereas the minimum 
temperature is 17.7° C (Thong et al., 2000).  
1.4. Oceanography  
1.4.1. Circulation 
The major circulation in the South China Sea (SCS) is driven by the monsoon winds (Wyrtki, 
1961). During wintertime the circulation is dominated by the northeast monsoon, and during 
the summer the circulation is caused by the southwest monsoon. It is associated with the 
geographic characteristics of the SCS, where semi-enclosed basin exchanges water with the 
subtropical Pacific Ocean through the Luzon Strait. Furthermore, the water of the tropical 
Java Sea and Indian Ocean flows across the shallow Sunda Shelf to the southwest. The 
described circulation system in the western SCS drives strong currents, causing large 
anticyclonic circulation during the southwestern monsoon and a cyclonic circulation during 
the northeastern monsoon (Ho, et al., 2000; Hu et al., 2000; Fang, et al., 2002) (Fig. 1.3).     
Due to this displacement, the wind develops a strong southward current along the coast of 
Vietnam with approximately 0.5 m s-1 during the northeast monsoon from October to 
February. The contrary happens from May to August, when the northeastward current during 
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the southwest monsoon reaches approximately 0.7 m s-1 (Wyrtki, 1961). Between 11° and 14° 
N, the strong northeast current leaves the coast of southeast Vietnam and diffuses toward the 
northeast (Shaw & Chao, 1994). 
By inducing a northeastward current, the southwest monsoon provokes a vertical movement 
of water masses resulting in a seasonal upwelling. This upwelling event during the summer 
months was already described for the southeast coast of Vietnam by Tang, et al. (2004), 
Rojana-anawat, et al. (2000), and Shaw & Chao, et al. (1994). 
C














Fig. 1.3. Upper layer circulation patterns on the western SCS; “AC” represents the anticyclonic eddy in the 
summer season during the southwest monsoon, and “C” represents the cyclonic eddy formation in the winter 
season during the northeast monsoon.         
 
1.4.2. Temperature 
The sea-surface temperatures of the western SCS were monthly surveyed; the data are from 
the NODC (Levitus) World Ocean Atlas provided by the NOAA-CIRES Climate Diagnostics 
Center – CO, USA http://www.cdc.noaa.gov., presented by Jia et al. (2006). According to this 
database the mean annual surface temperature increases from 26.5°C to 28°C from the north 
to the south of the western SCS (Fig.1.4).   
Temperatures to a depth of 5 m were researched along the Vietnamese coast in May 1999 
(Thong et al., 2000). The research revealed a maximum temperature of 27° C in the north, 
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increasing southward. Along the Nha Trang coast the maximum temperature was 28°C, and 
southeastward along the Vung Tau coast the temperature reached 30°C. 
During the southwest monsoon in summer, an upwelling event along the southeast coast of 
Vietnam carries cold water to the sea surface (Rojana-anawat et al., 2000). Tang et al. (2004) 
provide SST measurements from the AVHRR (Advanced Very High Resolution Radiometer) 
through satellite images from NOAA satellites, showing the summer upwelling (Fig. 5.11).     
1.4.3. Salinity 
The salinity values are affected by the geographical position of the SCS in a tropical region, 
adding to monsoonal climates that result in a large annual variation of the salinity grade. The 
monsoon circulation from the northeast carries high saline water from the Pacific Ocean with 
a salinity of about 34 psu southward to the Vietnamese coast. During the southwest monsoon, 
the situation is reversed: water with a salinity of about 32.8 psu is transported along the coast 
of Vietnam to the north, bringing a salinity of approximately 33.4 psu in the central region 
(Jia et al., 2006, and Wyrtki, 1961) (Fig. 1.4). 
The salinity is lower in the western SCS along the coast of Vietnam with an annual salinity 
value less than 34 psu caused by the average of rainfall, which exceeds the evaporation in the 
summer. During the dry season, the salinity increases as a result of the immense evaporation. 
With the beginning of the rain season, a great interchange of saline waters takes place. It is 
induced by the monsoon changing the circulation, which produces a mixing of low and high 
saline water masses (Wyrtki, 1961). 
The very high precipitation and freshwater input from the rivers affect the sea-surface salinity, 
resulting in very low salinity rates of about 31.5 psu along the Mekong Delta. Towards Nha 
Trang the salinity increases to about 33.5 psu due to the dissipation of low saline currents 
from the Mekong Delta. In summer, during the southwest monsoon an upwelling event brings 
even more salty water to the southeast Vietnamese coast (Rojana-anawat, 2000).  























100° 105° 110° 115°
 
Fig. 1.4. The average sea-surface temperature in °C (dashed line) and salinity in psu (solid line) distributions in 
the western part of the South China Sea near the Vietnamese coast (cf. Jia et al. 2006).  
 
1.4.4. Tide 
The Vietnamese coast is characterized by diurnal, semidiurnal and mixed tidal regimes, with 
the mixed tidal regime being predominant (Huang et al. 1994) (Fig. 1.5). The spring-tidal 
range reaches about 4.0 m in the north and south, whereas in the central region the range 
decreases to 0.5 – 0.7 m.  
The study area in the southeast region is characterised by a mesotidal range, presenting 
maximum spring tide of approx. 3.7 m in Vung Tau. The tide in Vung Tau is a mixed tide of 
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predominantly semi-diurnal character being twice as large as further north. Different tidal 
regimes can be found from Nha Trang to Phan Thiet with mixed tide diurnal character 
prevailing. It varies in amplitude from 0.48 m during neap-tide and 1 m during spring-tide in 
Nha Trang. The tide occurs at nearly the same time in all locations evaluated. Tidal data were 
used from the Atlas of Natural Conditions, edited by Lanh (1997) and the software WXTidal-
32 version 4.0. 
A. Semidiurnal tide
B. Mixed tide, preveiling semidiurnal
C. Mixed tide, preveiling diurnal
D. Diurnal tide
 
Fig. 1.5. Different tidal patterns.  
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2. Methods   
Fieldwork was performed during two periods, the first from 3rd to19th November 2003 and the 
second from 4th to 7th of May 2005, between Nha Trang and Vung Tau, covering more than 
400 km of the coast. Several potential sedimentary indicators of the coastal evolution linked 
with sea-level fluctuation were identified. As the principal evaluated indicators were found 
between Nha Trang and Phan Thiet, the work was restricted to this region (Fig. 2.1). 
During these field studies, 26 samples were collected at five locations along the SE-
Vietnamese coast (Fig. 2.1). In the north of the working area, in Nha Trang, living shells were 
collected for the reconstruction of the sea-water temperature. Near Phan Rang in the south a 
beachridge was found. Field research in Son Hai followed, where beachrock samples were 
collected, being the principal sea-level indicator examined in this work.  
In the area around Ca Na, the largest numbers of samples was taken at two stations. In 
addition to beachrocks and beachridges, two more sea-level indicators were evaluated: 
washover and backshore. In order to estimate the sea-water temperature in the mid-Holocene 
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Fig. 2.1. The working area between Nha Trang and Phan Thiet. The figure shows the field research stations and 
the respective identification of samples.     
 
2.1. Measurement of vertical height and tidal correction  
The samples were gathered in the field using the Global Positioning System (GPS). The 
elevation in relation to the sea level at the time of sampling (Fig. 2.2) was measured by 
standard geodetic methods using a theodolite.  
The vertical positions, determined in the field, were referenced to different tidal levels, using 
the tidal table supplied by the Mui Dinh chart Datum (Fig. 2.1) in Admiralty Chart 3883, 
Point Lagan to Cap Varella, 1:200000 (1971). The Mui Dinh tide is characterized by a 
mesotidal range with a mean sea level (msl) at 0.95 m as reference elevation, a maximum 
neap tide (mnt) at 1.40 m and a maximum spring tide (mst) at 2.1 m, presenting a mixed tide 
regime of a prevailing diurnal character.  
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When the tidal datum in Mui Dinh was established, all samples to construct the sea-level 
curve were corrected to this datum. The description of the beachrocks was corrected to above 
the present mean sea level, mean neap tide and maximum spring tide from the tide stand at the 
moment of sampling. The heights of the tides at the moment of sampling were determined by 
the tidal software WXTidal-32 v. 4.0, which is a tide program with a reference gauge in 
Manila – Philippines and a substation at Mui Dinh, showing the same levels found in the 
Admiralty Chart 3883 (1971) (Tab. 2.1).  
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Vn 09110306 11° 19,975`// 
108° 52,320` 
Beachrock 16:36 1.01 1.11 0.95 1.4 2.1 1.17 0.72 
 
0.02 
Vn 11110302 11°19,434`// 
108°50,260` 
Backshore 7:24 1.70 0.92 0.95 1.4 2.1 1.67 1.22 0.52 
Vn 11110306 11°19,796`// 
108°50,496` 
Beachridge 9:18 3.59 0.93 0.95 1.4 2.1 3.57 3.12 2.42 
Vn 11110307 “ Beachridge 9:18 2.69 0.93 0.95 1.4 2.1 2.67 2.22 1.52 
Vn 11110310 11°19,803`// 
108°50,550` 
Beachrock 12:06 0.70 1.47 0.95 1.4 2.1 1.22 0.77 0.07 
Vn 11110311 11° 20,305`// 
108° 51,041` 
Washover 16:45 1.80 1.33 0.95 1.4 2.1 2.18 1.73 1.03 
Vn 04050501 11°19.958`// 
108°50.774` 
Beachrock 16:07 0.30 1.36 0.95 1.4 2.1 0.71 0.26 -0.44 
Vn 04050502 “ Beachrock 16:07 0.20 1.36 0.95 1.4 2.1 0.61 0.16 -0.54 
Vn 04050503 “ Beachrock 16:07 1.04 1.36 0.95 1.4 2.1 1.45 1.00 0.30 
Vn 04050504 “ Beachrock 16:07 1.04 1.36 0.95 1.4 2.1 1.45 1.00 0.30 
Vn 05050501 11°19,801`// 
108°50.495` 
Beachridge 7:20 2.99 0.93 0.95 1.4 2.1 2.97 2.52 1.82 
Vn 05050501 A “ “ “ 2.37 0.93 0.95 1.4 2.1 2.35 1.90 1.20 
Vn 05050502 “ “ “ 2.27 0.93 0.95 1.4 2.1 2.25 1.80 1.10 
Vn 05050507 11°19.993`// 
108°52.429` 
Beachridge 9:30 1.27 1.15 0.95 1.4 2.1 1.47 1.02 0.32 
Vn 05050509 “ Beachrock 9:57 0.98 1.19 0.95 1.4 2.1 1.22 0.77 0.07 
Vn 06050505 11°24.946`// 
109°00.622` 
Beachrock 15:30 0.92 0.90 0.95 1.4 2.1 0.87 0.42 -0.28 
Vn 06050506 “ Beachrock 15:30 1.65 0.90 0.95 1.4 2.1 1.60 1.15 0.45 
Vn 06050507 “ Beachrock 15:30 0.94 0.90 0.95 1.4 2.1 0.89 0.44 -0.26 
Vn 06050508 “ Beachrock 15:30 0.94 0.90 0.95 1.4 2.1 0.89 0.44 -0.26 
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2.2. Determination of mineral phases by X-ray diffraction  
The material for radiocarbon 14C dating had been examined before by X-ray diffraction, an 
analysis used for the determination of the mineral phase of the carbonate samples. Since in 
most mollusc shells the mineral aragonite is the original component of carbonate, its alteration 
can be identified through replacement by the mineral calcite. In this thesis carbonate-shell 
material that presented ≥ 10 % of alteration of the original mineral was not taken into 
consideration.  
The X-ray diffraction analyses were carried out at the Institute of Geosciences at the 
University of Kiel. The equipment used was a Philips PW1710, whose signal impulse was 
converted to % of aragonite and calcite, using a methodology elaborated by Milliman (1977). 
2.3. Scanning Electronic Microscope (SEM) analysis  
The SEM observations were carried out on beachrocks in order to identify the precipitated 
cement type as well as in order to observe the framework relationship prevailing between 
cement and sediment. Afterwards, photos were taken of microorganisms growing on the 
cements.  
The bivalve fossils were observed under the SEM with the objective to detect the aragonite 
mineral through the identification of the cross-lamellar structure. The observations were 
accomplished in the Scanning Electronic Microscope Laboratory at the Institute of 
Geosciences at the University of Kiel. The equipment used was a CanScan CS-44. 
2.4. Radiometric AMS 14C age dating  
The AMS radiocarbon ages were determined using a 3 MV High Voltage Engineering 
Europe, Tandentron, 4130 AMS-system at the Leibniz Laboratory for Radiometric Dating and 
Isotope Research, Kiel. The analytical precision for counting and machine statistics is 0.25-
0.3% for modern samples (Nadeau et. al., 1997 and Schleicher et. al. 1998). 
In order to calibrate AMS 14C years to calendar years B.P., the program CALIB rev. 5.0.1 was 
used (Stuiver and Reimer, 1993) (HTML version). For each calibrated age 1σ – range was 
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calculated. The marine reservoir age correction approximates 190 ± 35 years with a ∆R value 
of -70 ± 30 years measured in the Porite lutea, which is a scleractinian coral from the Con 
Dao Island (Dang et. al., 2004). (source http://calib.qub.ac.uk/marine/ by Paula Reimer). In 
the research region a reservoir age of 253 ± 23 years was identified in the Arca fusca bivalve 
which was not used in this study, though. 
2.5. Stable isotopes δ18O and δ13C  
The carbonate powder on the filter was treated with 100% orthophosphoric acid under 
vacuum at 73° with a Finnigan MAT 251 gas isotope mass spectrometer at the Leibniz 
Laboratory for Radiometric Dating and Isotope Research, Kiel. The isotope values are 
reported as parts per mil (‰) in the usual δ-notation relative to the PDB ‰ (Pee Dee 
Belemnites) based NBS-19. The error external amounts to less than ± 0.07 ‰ and ± 0.05 ‰ 
for δ18O and δ13C respectively.  
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3. Holocene beachrock formation on the SE-Vietnamese coast 
Abstract: 
Three beachrock formations were identified along the SE coast of Vietnam between Nha Trang and 
Phan Thiet: two in the region of Ca Na town and one in Son Hai town. The uppermost position of the 
beachrocks was vertically measured, relative to the waterline during the sampling. In order to identify 
the sediment types, petrographic thin sections of beachrock samples were examined. The formation of 
cement fabrics and their influence on the coastal environment and vice versa were identified using 
MgCO3 and Sr and isotopic records of δ18O and δ13C. The age of the beachrocks was determined 
using radiocarbon measurements from fossil shells and fragments of corals lithificated in the 
beachrocks.  
The identification of terrigenous sediment and the skeletal constituents of the beachrocks enabled us 
to make some assumptions about the probable sediment source, the agents of transport, and the 
diagenetic alteration. From the origin of the sediment, it was possible to identify a strong link to the 
upper layer of the coastal plain formation, serving as sediment source. The early cements were 
identified as micritic high-Mg calcite and aragonite crystals, indicating precipitation in the marine 
phreatic zone. Additionally, blade cement, resulting from meteoritic alteration in the supratidal zone 
was detected.  
Chemical cement analyses confirm the predominance of marine diagenesis. The values of MgCO3 in 
cement ranged from 5.69 to 6.82 mol ‰. Sr linked to aragonite reached a value of 4329 to 11123 
ppm. The isotopic composition also revealed marine conditions with some influence of freshwater for 
δ
18O, ranging from - 2.30 to - 0.97 ‰PDB. Freshwater influence is restricted to most elevated 
beachrocks with supratidal position today. The δ13C value reached from 2.46 to 3.86 ‰PDB. 
AMS-radiocarbon dating covers the time from 6721 to 642 cal yr BP. It can be divided into three 
intervals: 6721 to 5869 cal yr BP as an older stage of beachrock formation; followed by 3760 to 3272 
cal yr BP, showing a probable second stage of cementation; and the youngest cement formation from 
1210 to 642 cal yr BP. 
Considering the geochemical and geomorphological characteristics with tropical conditions, a 
scenario of beachrock lithification in Son Hai town could be developed. The formation of beachrocks 
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is induced by their exposure during low tide and by their high porosity. The high porosity enhances 
water percolation during high tide. During the low tide, the water filling the voids evaporates because 
of high air temperatures, which is a normal condition in tropical coastal regions such as SE-Vietnam. 
Consequently, the supersaturated carbonate dissolved in the water precipitates, followed by the 
growing of crystalline cement.  
3. 1. Introduction  
Beachrocks are sediment bodies frequently observed on tropical and subtropical sandy 
beaches. They are formed by sand and gravel including fossils of shells, fragments of corals 
and skeletons of carbonated algae, cemented within the intertidal zone by the precipitation of 
calcium carbonate (e.g. Ginsburg, 1953; Russell, 1959; Mabesoone, 1964; Stoddart & Cann, 
1965; Taylor & Illing, 1969; McLean, 1974; Siesser, 1974; Hanor, 1978; Strasser et al., 
1989; Omoto, 2001, 2004). Beachrocks can also occur in regions of temperate climate (e.g. 
Alexandersson, 1972; Holail & Rashed, 1992; Sellwood, 1994; Calvet et al., 2003; Rey et al., 
2004) and more exceptionally in cold climates or even in lake systems (e.g. Jones et al., 
1997; Kneale & Viles, 2000).   
Early cement is formed by the process of marine carbonate lithification within the intertidal 
zone, although it can also occur in the upper part of the subtidal zone (Alexandersson, 1972) 
and the lower part of the supratidal zone (Holail & Rashed, 1992) as well as in the swash 
zone (Badyukov, 1986; Bernier & Dolongeville, 1996; Kelletat, 1989; Kelletat, 2006). 
However, some authors suggest that the intertidal zone is probably the interval, in which the 
early cementation processes develop most intensively due to the constant occurrence of 
waves and the generation of tidal action.  
The early cementation processes have been discussed at great length. Warm water becomes 
supersaturated with calcium carbonate and is in a high-energy condition due to the water flux 
in the intertidal zone. Thus, interface water-sediments with high percolation and porosity are 
created, allowing the necessary volume of water to move through the sediment and bring 
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about its cementation. Additionally, this interface water-sediment has to be a stable substrate 
with a slow sedimentation rate (Bathurst, 1971; Scoffin, 1987; Moore, 1989). Therefore, the 
process is believed to occur beneath the beach surface within the agradational relief 
(Badyukov, 1986). 
Three possible processes are suggested to explain the scenario of cement precipitation. The 
majority of authors suggests that to the chief processes involved belongs the physicochemical 
process such as occurs by supersaturation with carbonate through direct evaporation of 
seawater (e.g. Scoffin, 1970; Moore & Billings, 1971; Milliman, 1974; Beier, 1985). Another 
possible process is the way groundwater influences the CO2 degassing at the phreatic/vadose 
limit (Hanor, 1978; Gischler & Lomando, 1997). The third suggested process describes the 
precipitation occurring from brackish water in the mixed zone of marine and meteoric water 
fluxes (Schmalz, 1971; Moore, 1973). The focus of other authors (Krumbein, 1979; Bernier 
et al., 1990; Pedone & Folk, 1996; Neumeier, 1999; Khadkikar & Rajshekhar, 2003) has also 
been the process of cement precipitation somehow controlled and/or induced by microbial 
activity. 
Minerals of high-Mg calcite and aragonite are the earliest cement crystals precipitated in the 
intertidal zone. After the precipitation process, these metastable crystals undergo replacement 
effects, adopting highly varied and complex morphologies and textures, usually stipulating 
for the change of environment (e.g. Folk, 1974; Schroeder, 1973; Longman, 1980; Beier, 
1985; Meyers, 1987; Gischler & Lomando, 1997; Font & Calvet, 1997; Spurgeon et al., 
2003; Guerra et al., 2005). 
In addition to the interest in their formation, beachrocks are widely studied as modifier 
agents of coastal geomorphology. They have been identified as reducers of the littoral 
sediment volume, changing the coastal morphology as well as the preservation potential of 
the shoreline face (Cooper, 1991; Guerra et al., 2005; Winterholler, 2006). They are also 
involved in the reconstruction of coastal morphology processes (Semeniuk & Searle, 1987).  
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As a consequence, these characteristics also influence their formation in the intertidal zone. 
Beachrocks are very good indicators of former sea-level stability, mainly during the 
Holocene (e.g. Omoto 2004 and Caldas et al., 2006), and also until the late Pleistocene, 
depending on their state of conservation (Ramsay & Cooper, 2002). Beachrocks have been 
investigated for at least 167 years. One of the first scientists dealing with them was Darwin 
(1841) in his studies about NE-Brazil. Beachrock research was intensified at the beginning of 
the 1950s, dealing with many regions where their formation could occur. 
The task of this study is to identify and describe the formation of beachrocks on the southeast 
Vietnamese coast, being a coastal region widely fragmented and constituted of several 
different types of landforms. Furthermore, this study aims to develop a model based on 
cement precipitation events in these beachrocks.  
Investigations of beachrocks from the Vietnamese coast are very scarce. They were 
previously used as indicators of sea-level curve reconstruction by Korotky et al. (1995) on 
the Re Island. Tam (1991) used the term “outcrops” for describing some structures in the 
north of Vietnam, but it is not clear whether the outcrops are beachrocks or not.  
3.2. Methodology 
3.2.1. Beachrock bodies  
Beachrocks were found during two field campaigns in SE-Vietnam between the cities Nha 
Trang and Phan Thiet (Fig. 3.1). They were geometrically investigated: their length, width 
and height were measured. The vertical distance from the waterline to the top of the 
beachrocks was measured. And the position of each sample in the beachrocks was 
determined from the waterline of the time of sampling to above the mean sea level.  
The identification of the tidal level enabled to observe a considerable influence of the marine 
water on the beachrocks` bodies. The cement in the beachrocks changes its shape in relation 
to different tidal levels. Therefore, especially the mean neap-tidal level at + 0.45 m and the 
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maximum spring-tidal level at + 1.15 m above the mean sea-level were used as reference 
levels (cf. table 3.1). 
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Fig. 3.1. The research area is located between Nha Trang and Phan Thiet in SE-Vietnam. The positions of the 
three beachrocks are shown. The Mui Dinh tide gauge was used to correct the height of the beachrock samples 
in relation to the tidal range. 
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Table 3.1. Samples of beachrocks collected at three locations with their respective elevations above the 
maximum neap-tidal level (amntl) and above the maximum spring-tidal level (amstl). 
 
3.2.2 Beachrock samples 
In the laboratory, beachrock samples were cut to prepare petrography thin sections. The set-
up was done in respect of the direction of the beachrock’s growth. Six petrographic thin 
sections of beachrocks were investigated, so that the textural constituent of lithoclasts and 
biological fragments could be identified. The following methodology, used for describing the 
contents of petrographic thin sections as well as the framework between the cement 
precipitation and the sediment, is summarized by Tucker (1981). 
An amount of aragonite and micritic high-Mg calcite from precipitated cements was taken 
with the intention of measuring the fractionation of δ18O and δ13C. It was observed that the 
micritic high-Mg calcite cement is not a single mineral. Normally, it fills the pores along 
with many fragments of carbonate organisms, which cannot be observed under the optical 
microscope. In order, to avoid a misinterpretation as regards the examination of isotopes in 
cement, the samples were searched under an X-ray scanner in microprobe analysis. These 
Beachrock Coordinates Dating  sample Position above 
maximum neap tide (m) 
Position above maximum 
spring tide (m) 
Ca Na 1 11°19.975/ 
108°52.320 





Vn 05050509 0.77 0.07  
    
Ca Na 2 11°19.958/ 
108°50.774 
Vn 04050501 0.26 - 0.44 
" Vn 04050502 0.16 - 0.54 
11°19.958/ 
108°50.774 
Vn 11110310 0.77 0.07 
11°19.803/ 
108°50.550 
Vn 04050503 1.00 0.30 
 
 Vn 04050504 1.00 0.30 
     
Son Hai 11°24.946/ 
109°00.622 
Vn 06050505 0.42 - 0.28 
" Vn 06050507 0.44 - 0.26  
" Vn 06050508 0.44 - 0.26 
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images provide information, which is not recognizable under an optical microscope. In this 
way, cement precipitated in pores without contaminating primary fragments was chosen. 
Fractions of δ18O and δ13C of cement were analysed in order to get information about the 
environments in which precipitation took place (Emrich et al., 1970). The environments, 
which were identified, were the marine phreatic zone and the meteoritic zone. The marine 
phreatic zone is found below the mixing zone (Fig. 3.2). The meteoric zone is constituted by 
the meteoritic phreatic zone found under the water table and by the vadose zone identified 
above the water table and described as the region of unconsolidated sediment and passage of 
freshwater to the phreatic zone (e.g. Moore, 2004).  
Fractions of δ18O and δ13C in cements are connected with the marine environment with a 
value close to zero (Fig. 3.2). Precipitation in freshwater represented by a concentration 
systematically negative like: δ13C - 5 to - 15 and δ18O - 5 to - 10, with negative values also 
indicating post-depositional exchanges with meteoric waters (Land & Goreau, 1969; 
Magaritz et al. 1979; Margaritz, 1983; Veizer, 1983; Coudray & Montaggioni, 1996). The 
fractionations of both proxies are also indicators of biological influence on cement formation. 
The liberation of methane during the fermentation process by microbes shows carbon isotope 
values of > 10PDB ‰ (James & Choquette, 1983; Hudson, 1977; Milliman, 1974). 
The cement material was taken from the rubbed surface of beachrock pieces, previously used 
in the preparation of petrographic thin sections. The largest pores were chosen under the 
magnifying glass in order to avoid the mixing of cement with the carbonate of bioclastic 
constituents. While sampling, the cement from the beachrock pieces was taken using 
millimetre fraise equipment under the magnifying glass. 
Isotope fractionation alone indicates only the tidal zone which influences the different parts 
of beachrock. It does not tell anything about the chemical composition of the early 
precipitated cement. Through investigation of the chemical concentrations of Sr and MgCO3 
in carbonate cements, it is possible to identify crystals of aragonite and high-Mg calcite 
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(micritic). The early diagenetic aragonite cement forms in shallow marine tropical water, 
presenting a range from 7 to 10 parts per thousand (ppm) of Sr (Kinsman, 1969; James & 
Ginsburg, 1979; Veizer, 1983; Morse & Mackenzie, 1990) and more than 5 mol ‰ of 
MgCO3 for high-Mg calcite (Friedman & Sanders, 1978; Coudray & Montaggioni 1986). 
However, in some places the concentration of MgCO3 in cement of calcite range from 12 to 
18 mol ‰ (Alexandersson, 1972; Caldas, 2002).  
Six thin sections of Sr and MgCO3 were analysed in the Electronic Microprobe (EMP) 
laboratory, performed at the Mineralogy Division, University of Kiel. The equipment used 
was a Cameca, a Camebax-Microbeam with four wavelengths-dispersed spectrometers. The 
operating conditions consisted of 15 kV accelerating voltage and a 15nA beam current, 
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Fig. 3.2. The environments of inorganic calcium carbonate precipitation, indicating the typical crystal fabric as 
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3.3. Beachrock location 
Three beachrock were detected along 270 km of the southeast Vietnamese coast between 
Phan Thiet and Nha Trang. The first two beachrocks were found on the coast near Ca Na 
town, situated 112 km south of Nha Trang. The first beachrock, identified as Ca Na 1, was 
about 2.03 km away from Ca Na town and the second one, identified as Ca Na 2, was about 
4.95 km away from Ca Na town (Fig. 3.1).  
The geomorphology of the coast in Ca Na can be described as narrow shore, followed by a 
backshore zone formed of a field of small dunes. The mountainous system starts behind the 
dune fields, characterised by the crystalline basement rocks.  
The second beachrock position was located in Son Hai town, a small fisherman village 
approx. 97.7 km south of Nha Trang town. This region was also characterized by a narrow 
strip of beach, followed by an extensive dune field. A platform reef was found adjacent to the 
beachrock. It was characterized by fringe morphology, with a length of approximately 1 km 
(Fig. 3.1). Petrographical observations revealed that the platform reef was constituted of 
siliciclastic sediment, but no signs of constructor organisms, such as corals or algae were 
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3.4. Beachrock characterisation 
Ca Na Beachrock 1 was found facing the Ca Na Beach Resort. Its complete description was 
not possible, because houses were built on the beachrocks (Fig. 3.3). Ca Na Beachrock 1 lies 
between the intertidal zone and the supratidal zone with a length of approx. 60 m and a width 
of approx. 5 m. Its uppermost position reaches an elevation of 0.07 m above the actual 
maximum spring-tidal level (amstl) (Tab. 3.1). At this station samples were only collected for 
dating analyses, but not for petrographical observation.  
Ca Na Beachrock 2 was also found between the intertidal and the supratidal zone. Its 
uppermost position reached 0.30 m amstl. Additionally, it had a length of about 80 m and a 
width of 6 m. This beachrock originally had a bed-like form, lying on the sand. Today its 
form is characterized by polygonal slices from 1 m2 up to 3 m2 in size and a thickness of 
approximately 30 cm (Fig. 3.8a). This fragmentation probably occurred due to a combination 
of wave action and tidal regime. 
Samples from three different altitudes of Ca Na Beachrock 2 were collected. For the 
petrographical observation of the lowest position, a sample was collected at - 0.54 m amstl. 
The second sample was collected at - 0.44 m amstl, and the third was collected at the highest 
position, which was at 0.07 m amstl (Tab. 3.1). 
The third beachrock was found in Son Hai town, having a cylindrical form and lying on the 
beach (Fig. 3.3). Its length was approximately 60 m, with a width of circa 3.50 m. Its 
uppermost position reached 0.45 m amstl (Tab. 3.1). Moreover, its structure showed a series 
of bodies of approx. 15-20 m in height, located landward on the beach. This sequence was 
buried into the beach, where only the top of the beachrock appeared (Fig. 3.8b). The 
beachrocks is strong recrystalized and was not take into considerations for detailed studies 
(see p. 45). 
From the Son Hai Beachrock, samples were collected for petrographical observations and 
dating analyses. The samples were taken at a height of - 0.28 m amstl, and two other samples 
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were collected on different seaward dipping layers of the beachrock at the same altitude of - 
0.26 m amstl. They were identified as Vn 06050507 on the landward side and as Vn 
06050508 on the seaward side. 
Ca Na Beachrock 2: approx. 80 m in length and 6 m in width.
Ca Na Beachrock 1: approx. 60 m in length and 5 m in width.
Son Hai Beachrock: approx. 60 m in length and 3.5 m in width.
 
Fig. 3.3. The three bodies of beachrocks found on SE-Vietnamese coast.  
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All the explored beachrocks could be identified as seaward-dipping beachrocks. This type of 
beachrock is formed like a bed inclining towards the sea and extends close to the coast line 
(Fig. 3.8), (Purse, 1980). 
3.5. Results  
3.5.1 Petrographical description 
Petrographic observation revealed several sedimentary features. With regard to the roundness 
of the components, with angular, sub-angular and sub-rounded forms and low sphericity was 
identified. The mean grain-size was variable, with medium sand 0.436(2x) and 0.390 mm 
being the size of samples from the Ca Na Beachrock 2. The samples from the Son Hai 
Beachrock revealed fine sand, with a size of 0.234, 0.218 and 0.156 mm. They were poorly-
sorted, moderately-sorted and well-sorted respectively, with the last feature being more 
frequently found. Moreover, the maturity stage was identified. The maturity stage indicates 
that the matrix-cement consists of grain-supported fabric. Fabric-supported grains were 
predominantly observed in the samples, where micritic cement occurred. Porosity was more 
frequently observed in beachrocks with fibrous cement rather than in beachrocks with 
micritic cement.     
All thin sections showed that on average 54.7 % of components are of terrigenous origin. The 
frequency percentile value for each sedimentary constituent yielded 35.7 % of quartz, 
(including monocrystalline and polycrystalline grains), feldspar 9.5 %, fragment rocks 4.8 %, 
glauconite 4.7 % and minor amounts of mica and ironstone. Carbonate bioclasts occurred in 
smaller quantities of about 38 %. 7 % of the total grains could not be identified. 
3.5.2. Cement composition and morphology 
Micritic subtranslucent crystals of high-Mg calcite were identified as the early cement in the 
Ca Na Beachrock 2 (Fig. 3.4a). Micritic high-Mg calcite was found at - 0.54 m amstl, filling 
completely the voids in intragranular and intergranular spaces. Micritic high-Mg calcite in 
most cases is formed by rhombic crystals, with the diameter measuring between 4 and 30 µm 
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(Schroeder, 1973; Moore, 1973; Hattin & Dodd, 1978; Land & Moore, 1980 and Milliman; 
1977).  
Micritic cement as the early cement of beachrocks, sometimes displays a bimodal-phase 
texture, reminiscent of peloidal forms (Fig. 3.4b). The peloidal texture was identified at - 
0.44 m amstl. The pellets measured from 40 to 100 µm in diameter. Following Macintyre’s 
classification of pellets (1977, 1985), they are 20 - 60 µm in diameter, which suggests the 
formation of this kind of cement in the beachrocks in SE-Vietnam. This texture of cement 
was already described for Grand Cayman (Moore, 1973), Hawaii (Meyers, 1987), Belize 
(Gischler & Lomando 1997) and for Reunion Island (Font & Calvet, 1997). 
Isopachous aragonite was also found at - 0.54 m amstl in the Ca Na Beachrock 2, growing 
onto the particles, with micrite occupying the pores (Fig. 3.4c). More aragonite cement was 
found at - 0.26 m amstl in the Son Hai Beachrock. Its fabrics were identified as isopachous 
fringes in distal position (Fig. 3.4d), which are followed by rims covering the grains, 
characterized by a brown-clear colour (plane-polarized-light). Isopachous aragonite is an 
indicator of cementation within the marine phreatic environment in the intertidal zone. Many 
authors identified aragonite isopachous cement in the intertidal zone as e.g. Ginsburg (1953), 
Moore (1973), Beier (1985), Strasser et al. (1989), Kindler & Bain (1993). 
Fig. 3.4e demonstrates aragonite fibres found at the same elevation as the isopachous fringes 
aragonite, which was at - 0.26 m amstl in the Son Hai Beachrock. The average size of its 
crystals was 100 µm in length and 4 µm in width. Furthermore, examples of meshes of 
aragonite needles were also identified, showing the specific characteristic of cement needles 
grows in every direction (Fig. 3.4e and 3.4k SEM).   
Aragonite needle cement was also found in the Ca Na Beachrock 2 at an altitude of - 0.54 m 
amstl. Its crystals were 90 µm in length and 2.2 µm in width (Fig. 3.4f, and 3.4j SEM). On 
this cement it was possible to visualise the growth orientation of crystal fibres, being 
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approximately perpendicular to the surface grains (Fig. 3.4l and m SEM). Figure 3.4f 
illustrates how micritic high-Mg calcite fills the pores, where aragonite needles do not occur. 
Cement aragonite needle were also found at an elevation of 0.07 m amstl in the Ca Na 
Beachrock 2 (Fig. 3.4g, n SEM). This height represents the maximum influx of the present 
sea-level stand. Aragonite cement appears, covering terrigenous and biological grains. 
Moreover, a dark film covers the cement needles (Fig. 3.4h). In recent works it has been 
identified as an organic deposition (Vieira & De Ros, 2006). According to the same authors, 
organic deposition occurs, where a stagnant condition allows its development. 
Under the microscope a crystal fabric, identified as calcite blade, was observed in Ca Na 
Beachrock 2 (Fig. 3.4h). The crystal is not elongated and it has a width of about 28 µm. The 
apex of the crystal has an extremity in the form of a “V”. Bladed cement is usually 
mentioned together with cement characterized by marine environment (Meyers, 1987; 
Gischler & Lomando, 1997). However, the bladed shape also occurs in the supratidal or 
mixing zones, where it shows a greater influence by freshwater (Schroeder, 1979; Longman, 
1980; Coudray & Montaggioni, 1986; Given & Wilkinson, 1985a; James & Choquette, 
1990).  Rim cements, covering the sediment, were observed at - 0.28 m amstl (Fig. 3.4i) as 
well as at - 0.26 m amstl (Fig. 3.4d) in the Son Hai beachrocks.  

























Fig. 3.4. Sequence of cementation events and morphological forms of cement, displayed in plane polarized 
light. (a) Formation of micritic high-Mg calcite cement represented by “M”. (b) Peloidal feature “MP”. (c) 
Isopachous aragonite “A” on the bioclastic sediment. The black arrows indicate the boundary between aragonite 
and micritic cement. (d) The formation of isopachous aragonite fringe “A” in distal positions. The arrows 
indicate the rim covering the sediment. (e) Fibrous aragonite. Black arrow shows the presence of a mesh of 
aragonite needles. (f) Big forms of aragonite needles; “M” indicates the presence of micritic cement. (g) 
Isopachous aragonite of needle “A” covering the algae fragment. (h) Fibrous isopachous aragonite with a black 
arrow pointing to a dark formation and the white arrow showing the bladed form of cement. (i) to (n) SEM-
images: (i) The arrow indicates how rim cement covers the sediment. (j) Showing the form of aragonite needles. 
(k) Mesh of needle cement. (l) Needles growing onto the sediment. (m) Aragonite needle in Ca Na Beachrock. 
(n) Shows aragonite needle with bioclastic sediment in supratidal zone.  
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3.5.3. Bacterial flora in the beachrock cement   
In the Son Hai Beachrock, nannobacteria were identified by Scan Electronic Microscopy 
(SEM) at the position of - 0.26 m amstl. These organisms were observed on the surface of 
aragonite needle cement (Fig. 3.5a). In accordance with Folk (1993), Pedone & Folk (1996) 
and Neumeier (1999), nannobacteria have been described in cements of aragonite and high-
Mg calcite. They are characterized by an elliptical biomorphology and are very small in size, 
normally less than 1 µm.  
The endolithic filament algae (Fig. 3.5b) were found growing among the grains. They were 
also observed at - 0.26 m amstl in the Son Hai Beachrocks. According to Moore (2004, 
p.102), the filament forms bind the grains together. Chacón et al. (2006) showed the 
development of algal filaments in limestone within the intertidal zone. 
A bacterial film community was identified at - 0.54 m amstl in the Ca Na Beachrock 2 (Fig. 
3.5c). The figure demonstrates a phase of the bacterial reproductive cycle, occurring on the 
micritic cement surface. The structure was identified according to Perry & Staley (1997).  
 
 






Fig. 3.5. The biological constituents found on the cement in SEM-image. (a) Elliptical nannobacteria growing 
on an aragonite needle identified as nannobacterias. (b) Endolithic filament of an alga. (c) Bacterial film 
growing on a cement beachrock with its reproductive structure. 
  
3.5.4. Isotopic concentration of δ18O and δ13C in cement  
High-Mg calcite and aragonite cements were collected in order to analyze the stable isotopes 
δ
18O and δ13C. The results are shown in Tab. 3.2; the values are plotted on the cross-plot 
describing environmental conditions (Fig. 3.6). 
The value of δ18OPDB‰ in cement beachrocks averages out at - 1.72 ‰, ranging from - 0.97 to 
- 2.30 ‰. In the Ca Na Beachrock 2 (- 0.44 m amstl) a value of - 0.97 ‰ δ18OPDB for micritic 
cement was found. According to Coudray & Montaggiani (1986), a value of - 0.97 ‰ 
δ
18OPDB is characteristic of the intertidal zone. Micritic cement in Ca Na Beachrock 2 (- 0.54 
m amstl) contains - 1.30 ‰ δ18OPDB a value also identifying the intertidal zone. Fibrous 
aragonite, sampled at 0.07 m amstl, has a value of - 2.21 ‰ δ18OPDB. 
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Table 3.2. Oxygen and carbon isotope values and chemical concentration of MgCO3 mol ‰ and Sr ppm; from 
different cements precipitated in beachrocks. 
 
Cements in the Son Hai Beachrock from - 0.26 m amstl are formed by fringes of isopachous 
aragonite. Their cement isotopic concentration ranges between - 1.69 ‰ δ18OPDB on the 
landward side of the beachrock and - 2.30 ‰ δ18OPDB on the seaward side. At the position of 
- 0.28 m amstl, the crystals formed by fibrous isopachous aragonite have a value of - 1.87 ‰ 
δ
18OPDB.  
The values of oxygen isotopes in beachrock cements from SE-Vietnam are lower than those 
of aragonite cements in Mediterranean beachrocks (- 1.0 ‰), but they are higher in calcite (-
3.5 ‰) (Magaritz 1979). Beier (1985) showed an average of - 0.88 ‰ δ18OPDB in beachrock 
cement from San Salvador, which is higher than that in beachrocks from SE-Vietnam. In the 
Red Sea and the Mediterranean, beachrocks have a mean of 0.5 ‰ δ18OPDB, which is higher 
than the values applying for the Vietnamese beachrocks (Holai & Rashed, 1991). On the 
Canary Islands the mean is lower than in SE-Vietnam (- 3.6 ‰) (Calvet et al., 2003). In SW-














n (Sr and 
Mg) 
Vn 04050501 Micritic / 
Peloidal 
- 0.44 - 0.97 3.08 6.82  349  36 
Vn 04050502 Micritic / 
Aragonite 
 Isopachous 
- 0.54 - 1.30 2.90 5.69  821  52 
Vn 11110310 Fibrous 
aragonite of  
needle and 
bladed  
0.07 - 2.21 2.96 1.29  4329  120 
Vn 06050505 Fibrous 
isopachous 
aragonite   
- 0.28 - 1.87 3.73 0.09  8032  65 
Vn 06050507 Aragonite 
isopachous 
fringe and 
mesh of needle    
- 0.26 - 1.69 3.86 0.11  
 
8012  35 
Vn 06050508 Aragonite 
isopachous  
Fringes 
- 0.26 - 2.30 2.46 0.06  11123  82 
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the supratidal zone. This cement displays values of oxygen isotope between - 0.35 and - 0.90 
‰, which are lower values than those derived from the same type of cement in SE-Vietnam. 
The results of the investigation of carbon isotope are less homogeneous than those of oxygen 
isotope. The mean of δ13C in cement beachrock remained at 3.16 ‰, ranging from 2.46 to 
3.86 ‰ δ13C
 PDB.  
In the Ca Na Beachrock 2 the concentration of micritic high-Mg calcite cement, had a value 
of 3.08 ‰ δ13CPDB in - 0.44 m amstl. At the lower position of - 0.54 m amstl, 2.90 ‰ δ13CPDB 
was measured. At the position of 0.07 m amstl, aragonite cement contains 2.96 ‰ δ13CPDB. 
The values of carbon isotopes from this beachrock are linked to the intertidal zone. 
The cement in the Son Hai Beachrock is formed by isopachous aragonite crystals. The 
concentration of δ13C was 3.86 ‰ δ13CPDB landward and 2.46 ‰ δ13CPDB seaward, measured 
at - 0.26 m amstl. Fibrous isopachous aragonite cement demonstrated a value of 3.73 ‰ 
δ
13CPDB at - 0.28 m amstl, which is the highest result of δ13C for crystal cement in the SE-
Vietnamese beachrocks.   
In comparison, Magaritz (1979) presented values of 1.2 and - 1.7 ‰ δ13CPDB for aragonite 
and calcite respectively in Mediterranean beachrocks, which are lower values than those 
found in the Vietnamese beachrocks. Holai & Rashed (1991) also investigated Mediterranean 
beachrocks and determined a mean of 1.6 ‰ δ13CPDB, which is again a lower value in 
comparison with the values from Vietnam. In contrast to the Mediterranean beachrocks, 
cement beachrocks in the Red Sea displayed a mean of 3.3 ‰ δ13CPDB, being similar to the 
Vietnamese beachrocks. In San Salvador, Beier (1985) identified a mean of 4.91 ‰ δ13CPDB, 
being much higher than the values presented above (Tab. 3.2). Calvet et al. (2003) identified 
a mean of 4.5 ‰ δ13CPDB for the Canary Islands, which is again higher than the values 
applying for SE-Vietnam. The carbon isotope of aragonite cement beachrocks in SW-
Madagascar ranges from 2.84 to 3.88 ‰ δ13CPDB, presenting values similar to those in SE-
Vietnam. 
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The cross-plot of δ18O vs. δ13C (Fig. 3.6) was elaborated in order to identify the origin of the 
isotopic concentration. All the isotopic results plot into the field of green algae. The samples 
from the Ca Na station as well as the sample Vn 06050508 from the Son Hai station 
demonstrated isotopic values of Shallow-water Molluscs and Foraminifera field (Milliman, 
1977). No value was found for the shallow-water limestone field.  
Hudson (1977) and James & Choquette (1983) propose representative values for beachrocks 
through a field of marine cement. The samples 1, 2, 4 and 6 were found within this field, 
while samples 3 and 5 are positioned in the overlap of green algae and in the Shallow-water 
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Fig. 3.6. Cross-plot of carbon versus oxygen isotopes from cement of beachrocks introduced by Milliman 1974, 
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3.5.5. Chemistry of cements  
The concentration of Sr and MgCO3 was measured to confirm the early cementation process. 
It can be determined through the identification of micritic high-Mg calcite and aragonite, as 
well as through their alteration during the change of marine to freshwater environment. All 
results of Sr and MgCO3 are an average measured at several points of the microprobe thin 
sections. Tab. 3.2 presents the concentration of MgCO3 and Sr, showing a very good 
correlation between micritic high-Mg calcite and aragonite cement.  
The chemical concentration of micritic cement in the Ca Na Beachrock 2 (- 0.44 m amstl) 
represented an average of 6.82 mol ‰ of MgCO3, ranging from 5.24 to 7.45 mol ‰. Micritic 
cements constituted an average of 349 ppm, ranging from 260 to 1600 ppm for Sr. In 
addition, the Ca Na Beachrock 2 (- 0.54 m amstl) had an average of micritic cement of 5.69 
mol ‰ MgCO3, ranging from 3.85 to 6.75 mol ‰. The Sr in aragonite cement measured 821 
ppm, ranging from 90 to 3580 ppm. 
In contrast to the previous results, different measurement results were obtained in the Ca Na 
Beachrock 2 (0.07 m amstl) as regards fibrous aragonite cement. The concentration of 
MgCO3 reached 1.29 mol ‰, ranging from 0.005 to 2.821 mol ‰. The concentration of Sr 
displayed an average of 4329 ppm, ranging from 1680 to 5920 ppm. 
In the Son Hai Beachrock, isopachous aragonite finger cement was detected at - 0.26 m 
amstl. The measured average of MgCO3 was 0.11 mol ‰, ranging from 0.02 to 0.74 mol ‰. 
The Sr concentration averaged out at of 8012 ppm, varying from 4720 to12060 ppm. On the 
other side of the Son Hai Beachrock, a sample was collected at the same height as the first 
sample. The cement was also formed of isopachous fringes aragonite. The molar 
concentration of MgCO3 had an average of 0.06 mol ‰, ranging from 0.01 to 0.37 mol ‰.  
The Sr concentration had an average of 11123 ppm (± 942), ranging from 7680 to 13010 
ppm. The third sample from the Son Hai Beachrock (- 0.28 m amstl) consisted of fibrous 
isopachous aragonite cement. The concentration of MgCO3 reached an average of 0.09 mol 
Holocene beachrock formation on the SE-Vietnamese coast                                                                    Chapter 03  
 39 
‰, ranging from 0.033 to 0.304 mol ‰. Sr averaged was reached in 8032 ppm, ranging from 
6020 to 11690 ppm. 
3.5.6. Age of beachrocks 
The age of radiocarbon can be identified by carbonate material mineralized by marine 
organisms (e.g. corals and shells), which died in their original habitat. They are carried away 
from these places to the intertidal zone by waves and coastal currents. Afterwards this 
material is cemented into the beachrocks by the lithification process. The ages of the 
Vietnamese beachrocks were measured by AMS (see chapter 2). The beachrock ranged in 
age from 6721 to 640 cal yr BP. (Tab. 3.3). Three age periods were detected. 
The youngest age interval was found in the Son Hai Beachrock with 1210 to 640 cal yr BP. 
The youngest radiocarbon age of 640 cal yr BP was deduced from the sample collected at - 
0.28 m amstl. The last two samples were dated at a position of - 0.26 m amstl (Tab. 3.3).  
The oldest dating was found in the Ca Na Beachrock 1, representing an interval from 6721 to 
5869 cal yr BP. The youngest material, found at 0.02 m amstl, dates from 5869 cal yr BP. 
Older material was found at 0.07 m amstl, dating from 6130 cal yr BP.  
The age dated in the Ca Na Beachrock 2 could be connected to the intermediate age of the 
beachrocks in Vietnam. But it showed a range from 6720 to 3270 cal yr BP, which represents 
intermediate as well as old dates, similar to those in the Ca Na Beachrock 1. 
The position of the samples collected at - 0.54 m amstl was dated to 3270 cal yr BP. At the 
next position of - 0.44 m amstl, an age of 3600 cal yr BP was determined. The last age 
identified at the Ca Na Beachrock 2 and considered as intermediate was found at 0.07 m 
amstl and dated to 3760 cal yr BP. The two older ages in the Ca Na Beachrock 2, dating to 
6720 and 6680 cal yr BP respectively, were found at the highest position of 0.30 m amstl.   
The results of δ13C measured by AMS showed very different values, which varied from - 
2.88 ‰ to 4.11 ‰. The results from all the dated material, confirmed marine origin. 
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Table 3.3. Dating of marine fossils sampled in beachrocks, with their position in relation to the maximum neap-
tidal level and maximum spring-tidal level (cf. Table 2.1). The values of carbon isotope were acquired by 
Accelerator Mass-Spectrometer. 
 
3.6. Interpretation  
3.6.1. Sedimentological setting  
The observation of the petrographic constituents of the Vietnamese beachrocks confirmed 
their origin from the transitional zone of sediment (e.g. Badyukov, 1986). The sediment of 
the beachrocks is composed of a mixture of constituents, originating from many sources.  
The beachrocks mainly consist of grains of quartz, rock fragments and feldspar, which 
represent normal terrigenous sediment that can be found on tropical beaches. Other types of 
sediment such as glauconite and heavy mineral-like tourmaline were found in small fractions. 
The presence of glauconite confirms a strong influence of beachrocks on the marine 
environment. Glauconite is associated with diagenetically formed minerals, being usually 
formed by the reduction process in pre-existing particles such as carbonate grains, clay 
minerals and faecal pellets (Odin & Matter, 1981; Odin, 1988). The bioclastic contents were 
formed by many carbonate-shell-building organisms. These sediments were found in every 
level of the investigated beachrocks. 
In order to confirm the origin of the beachrocks, sedimentary parameters from the Ca Na 
Beach were investigated and well-sorted sediment of medium and coarse sand (Fig. 3.7) was 
Beachrock Identification Above 
maximum 













Ca Na 1 Vn 09110306 0.72 0.02 5420 ± 30 5869 1.78 ± 0.05 
Vn 05050509 0.77 0.07 5650 ± 40 6131 3.13 ± 0.19  
      
Ca Na 2 Vn 04050501 0.26 - 0.44 3615 ± 25 3605 - 1.57 ± 0.08 
Vn 04050502 0.16 - 0.54 3325 ± 30 3272 0.95 ± 0.20 
Vn 04050503 1.00 0.30 6160 ± 35 6680  0.04 ± 0.17 
Vn 04050504 1.00 0.30 6210 ± 35 6721 0.84 ± 0.28  
Vn 11110310 0.77 0.07 3745 ± 30 3760 0.21 ± 0.11 
 
      
Vn 06050505 0.42 - 0.28 1005 ± 25 642 0.69 ± 0.05 Son Hai 
Vn 06050507 0.44 - 0.26 1095 ± 35 706 4.11 ± 0.30 
 Vn 06050508 0.44 - 0.26 1570 ± 35  1210 - 0.18 ± 0.07 
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identified. The sediments of the medium sand of the Ca Na Beachrock 2 were compared with 
those of Ca Na Beach, showing similar parameters. 
The morphological characteristics of the terrigenous grains revealed a low sphericity and 
displayed different categories of roundness from angular to sub-rounded forms. These 
characteristics show that the transport of the sediments from its source to the depositional 
environment is not far, indicating that the source of sediment is near the deposits. The 
presence of mountains near the coastal region and the existence of cleaved quartz grains 
confirm this interpretation. Therefore, the scarcely developed beachrock formation on the 
southeastern Vietnamese coast can be explained by the restricted sediment supply from the 
hinterland.  
Moreover, little sediment is carried to the shoreline and maybe transported away by the 
coastal currents.  This can be confirmed mainly by the fragmentary landforms on the coast, 
where mountains frequently occur near the water. Thus, missing accommodation space for 
sediment deposition of the shoreline could be another reason for the lack of beachrock 
development. 
In addition, the sedimentary contents of beachrocks are very similar to those observed in 
coastal plain deposits. Coastal plains are marine deposits originating from transgressive 
events, but they do not occur throughout the Vietnamese coast. These deposits do not exceed 
5 m in altitude, with an average between 3 and 2 m above the actual sea level. In general, 
they are formed by sand, clay, marine fossils and microfauna (Tam, 1991). More information 
is given in chapter 1.  In this connection it is important to mention that coastal plain deposits 
might have some influence on the formation of beachrocks, mainly on the upper layer of 
coastal plain deposits, where the sediments are reworked and afterwards carried to the 
lithification zone.    
























































































































































Fig. 3.7. Sediment size distribution from beach sand, where Ca Na Beachrocks were localized. The results 
identified standards in medium and coarse sand. Similar sedimentary distributions were found in beachrocks.        
 
3.6.2. Cement diagenesis   
In the Ca Na Beachrocks 2 diagenetic forms of micritic and peloidal cement (Fig. 3.4 a, b) 
were identified. The presence of these cements goes along with the early cementation, being 
also confirmed by the high concentration of MgCO3 between 5.69 and 6.82 mol ‰ (Tab. 
3.2). The results of oxygen isotopes revealed normal marine condition for cements of the Ca 
Na Beachrock 2. The sequence of beachrocks formed by micritic cement (Vn 04050502) 
displayed a depletion of δ18O, which could indicate a loss of marine condition (Tab. 3.2). 
However, performance in microprobe analyses demonstrated values of 5.69 mol ‰ of 
MgCO3, confirming the influence of intertidal zone (Tab. 3.2).  
Micritic cement is enriched in carbon isotope with values of 3.08 ‰ and 2.90 ‰. This is 
considered normal for shallow water in tropic marine regions, where the dissolution of 
calcium carbonate in water is high (Holail & Rashed, 1991; Beier, 1985).   
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The precipitation of micritic cement is associated with microbiological influence, as is 
suggested by some authors (Webb, 1999 and Font & Calvet, 1997). The influence of 
microorganisms on cement formations of Vietnamese beachrocks will be further elucidated 
at the end of this chapter. 
At 0.07 m amstl in the Ca Na Beachrock 2, the cement is formed by fibrous aragonite and 
blade fabrics. These types of cement are associated with marine and meteoritic environments 
respectively (James & Choquette 1984 and 1990). Isotope measurements confirm the natural 
marine conditions of reduced δ18O and enrichment by δ13C isotopes. The chemical 
concentration also shows a low value of 4329 ppm of Sr in crystal of aragonite. The same 
applies to MgCO3, with values reaching 1.29 mol ‰ (Tab. 3.2). The chemical concentration 
indicates that at 0.07 m amstl, the beachrock in Ca Na is still influenced by marine 
conditions. However, the marine influence changes to meteoritic influence in the supratidal 
zone. The presence of bladed cement supports this observation (Fig. 3.4h); bladed aragonite 
is an index of freshwater influence by vadose or meteoritic zones (Longman, 1980; Given & 
Wilkison, 1985; James & Choquette, 1990; Font & Calvet, 1997). 
The predominate cement in the Son Hai Beachrock is aragonite, which consist of diagenetic 
fabrics such as fringe, needles, mesh of needles and rim (Fig. 3.4 d, e, i). These cements type 
are representative of marine intertidal zone and the meteoritic influence in supratidal zone 
(e.g. James & Choquette, 1983, 1990; Gischler & Lomando, 1997; Font & Calvet, 1997). 
The chemical concentration of Sr and MgCO3 gives important information about the cement 
formation in the Son Hai Beachrock, which consists only of aragonite crystals in marine 
conditions. The Microprobe analyses do not indicate the presence of MgCO3, in contrast to 
Sr, which is significantly higher, suggesting a high concentration of aragonite. 
Oxygenic isotopic values, measured by sampling in the intertidal zone (cf. Table 3.2), present 
depleted values, which normally are > - 1 ‰PDB indicating an influence of the marine 
environment. As regards the Ca Na Beachrock 2, this is not too apparent, as the results 
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indicate a shift of the environmental influence in sample Vn 11110310 (Table. 3.3), observed 
in Sr and MgCO3 results. In the Son Hai Beachrock, depleted values of δ18O were observed. 
Possible factors linked with the relatively small oxygen isotope might be: the low 
temperature of the seawater, the influence of meteoric water and the concentration of salinity. 
However, the low temperatures of the sea water cannot be appreciated as an explanation 
because the mean water temperature in southeast Vietnam is 28° C, with the temperature 
reaching 29.1° C in summer. Additionally, the analysed temperature of coastal water ranges 
between 29° to 30° C in the region where the beachrocks were found (Rojana-anawat, 2000). 
Freshwater might be the reason for a small reduction of the isotopic value. But the elevated 
contents of Sr in aragonite indicate a strong influence of the marine environment. Thus, the 
influence of the salinity concentration in the water may be added as a more appropriate 
factor, forcing the concentration of lighter δ18O. Calvet et al, (2003) whose work in La Palma 
(Canary Islands) showed a low concentration of salinity in the sea water. This suggests that 
the lower values of δ18O of precipitated cement in the Vietnam beachrocks is a consequence 
of the low concentration of salinity in the shallow coastal water of the SCS, showing values 
between 33.0 and 33.6 ‰ psu. 
Taking the isotopic fractions into consideration (Fig. 3.6), the cross-plot does not show any 
tendency towards freshwater conditions. Furthermore, it is difficult to discern a correlation 
between the values and the marine cement field. In only two cases of high-Mg calcite, they 
are exactly within this field. Other values show diverse concentrations of marine dissolved 
carbonate fields, which are identified to consist of green algae and Shallow-water Molluscs 
and Foraminifera fields. 
To find out more about the influence of microorganisms on the precipitation of carbonate 
cement, the samples were observed under SEM. These observations revealed the presence of 
spherical nannobacteria on the surface of aragonite needle (Fig. 3.5 a). But these organisms 
are not involved in the process of cement precipitation.  
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The precipitation of micritic cement is also described as a result of the influence of 
microorganisms, but this cannot be taken into account in this work due to the lack of 
appropriate dates. The emergence of nannobacteria on aragonite cement can be associated 
with cement precipitation through the fermentation process. This is suggested by δ13C 
isotopic concentrations, which are increased up to 10 ‰ PDB due to residual methane 
liberated at the end of the fermentation process (Moore, 2004; p: 79). However, this was not 
found in the aragonite crystals in the Vietnamese beachrocks. 
3.6.3. Age of beachrocks 
The ages of the beachrocks reveal that there are three generations of beachrocks in SE-
Vietnam (Fig. 3.8). The first generation was localized in the Ca Na Beachrocks at the 
uppermost position of 0.30 m amstl. The age ranges from 6720 to 5869 cal yr BP. The 
second generation dates from 3600 to 3270 cal yr BP and was found at the position of - 0.44 
m and - 0.54 m amstl. The third generation was located in Son Hai town. Evidence for its 
development was found in the intertidal zone at circa - 0.28 m amstl, with ages from 1210 to 
640 cal yr BP (Tab. 3.3).  
The ages indicate that the beachrock were found during different sea-level positions. This can 
be observed at the end of the early-Holocene with ages ranging from 6721 to 5869 cal yr BP, 
found above the present mean sea level. The same applies to the period after the mid-
Holocene, which ages ranging from 3760 to 640 cal yr BP.  
As regards the Son Hai Beachrock, its uppermost position was measured at 0.45 m amstl. In 
order to determine its age, a coral fragment was collected (Vn 06050506). Since it consisted 
of 32 % of altered aragonite, it was not suitable for age-dating. These two characteristics of 
the Son Hai Beachrock suggested that it might have originated from the same formation 
cycle as the Ca Na Beachrock. But this assumption could not be confirmed because of the 
lack of data from uppermost position of the Son Hai Beachrock. 
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Fig. 3.8. The beachrocks and their respective ages are shown in two places. “A” represents the ages for the Ca 
Na Beachrock, whereas “B” represents the ages for the Son Hai Beachrock with its uppermost position without 
dating. 
 
3.6.4. Cement precipitation event   
As was presented in the introductory chapter, the beachrock cementation process has been 
supported by three main theories. We tried to observe events of cementation in the beachrock 
based on these theories in both places along the Vietnamese coast.  
The physicochemical process of CO2 degassing was not investigated in this work. This type 
of cement precipitation, as suggested by Hanor (1978), occurs in the vadose zone. Through 
the observation under SEM, microorganisms were found on the fibrous cement. Nonetheless, 
geochemical results did not indicate any signal of the microorganisms developing cement. 
Our own observations of cement precipitation showed that cement is associated with a 
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physicochemical process, induced by evaporation of water supersaturated in carbonates 
(Scoffin, 1970). 
Cement formation was assumed in the Son Hai Beachrock because of the beachrock’s 
position in the upper half of the intertidal zone and its young age. The principal cement that 
was found was fibrous aragonite cement, whereas micritic high-Mg calcite, typical cement of 
the marine phreatic zone, could not be observed.  
The intertidal position of the beachrock in Son Hai prevents the tide flux from washing and 
drying its structure. During the high tide, the body of the beachrock is submerged and its void 
filled with water supersaturated. During the low tide, the water leaves the beachrock surface 
wet. Thus, the supersaturated water inside the voids can precipitate the carbonate through the 
evaporation of the sea water, forming fibrous cement inside the voids. Additionally, the 
sediment is supplied by a flux of the tidal current. 
The tidal regime was observed from Mui Ding gauge with the intention of counting the days 
of the seawater being above the beachrock. We observed the influence of the tide during one 
year at three different standards: mean sea level at 0.95 m, neap-tide at 1.4 m and the 
maximum spring-tide at 2.1 m.  
The behaviour of the tidal regime showed that its influence on the beachrock started in 50 % 
of the days at the base of the beachrocks, indicated by the mean sea level. For the position of 
1.4 m, the influence in days was 31 %, not covering the whole body of the beachrock. The 
beachrock remained fully covered only during 6 % of the time, which was during all days of 
maximum spring tide.  
The intention of the observations of these stages is to present the maximal percentage of days 
at different levels of the tide. It is evident that the beachrock body is influenced by the water, 
more than 50 % of the time due to the effect of the waves as well as due to the splash from 
the washing area.  
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The interaction between the processes of wetting and drying is necessary in order to trigger 
the evaporation, which stimulates the precipitation of CaCO3. This can be described as an 
uninterrupted process of flood tide and ebb tide, connected with a warm air temperature and a 
direct incidence of sunlight. 
The Son Hai Beachrock has some geomorphological characteristics that allow a process of 
cementation, as are: it lies within the intertidal zone; the exposition of the beachrock 
facilitates the movement of water as well as the influence of the sunlight; it has a high rate of 
intergranular porosity and fibrous crystals of aragonite. Some authors, as Scoffin (1970) 
Pyökäri (1982) Beier (1985) have already observed cement precipitation in beachrocks 
induced by direct evaporation of sea water.  
3.7. Conclusions 
1. The early cements identified in the Vietnamese beachrocks are micritic high-Mg 
calcite and aragonite, which are types of cement normally found in the intertidal zone. 
The values of Sr and MgCO3 as well as the fractions of isotopes 18O and 13C 
confirmed their strong marine influence and the precipitation in the intertidal zone.     
2. A more complete sequence of cement formation was detected in the Ca Na Beachrock 
2. Furthermore, it was ascertained that in the intertidal zone the precipitation of 
micritic cement and peloidal cement correlates with each other. However, a bladed 
form was found above the maximum spring tide position, indicating a loss of marine 
influence, being followed by the increase of meteoritic influence on the supratidal 
zone. This change was confirmed by a low MgCO3 value and decreasing Sr values.       
3. In the Son Hai Beachrock, the cement displayed aragonite isopachous forms 
originating from the intertidal zone, whereas micritic high-Mg calcite could not be 
identified. The cementation process seemed to be very young. However, in a sample 
that was collected in the uppermost part of the Son Hai Beachrock recrystallized coral 
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fragment was found. Hence, the conclusion can be drawn that the beachrock is older 
than the ages presented in this study.                 
4. In both beachrock places, biological-agent originating cement could not be identified. 
The isotopic carbon values were very low and did not indicate any influence of 
fermentative processes by microorganisms.        
5. The correlation between the ages and the heights of the explored beachrocks 
suggested the existence of three generations of beachrocks in SE-Vietnam. The first 
generation was found between 0.02 to 0.45 m above the maximum modern spring-
tidal level. In this position, the older ages of Vietnamese beachrocks were found, 
dating from 6721 to 5869 cal yr BP. The ages found in the modern intertidal zone are 
related to the last two generations of beachrock formation, with ages from 3631 to 
642 cal yr BP. 
6. The mechanism of cement precipitation in the Son Hai Beachrock was associated 
with its geomorphological characteristics, which facilitate the lithification of 
beachrocks. The seaward position of the beachrock enables a flux of water that fills 
the voids during the high tide. During the low tide, with the beachrock drying out and 
being exposed to high air-temperatures, which results in the development of fibrous 
aragonite inside the voids.  
7. From the investigation of geomorphological features, sediment contents, cement 
chemistry, geochemistry and dating records, it was possible to conclude that the 
beachrocks on the coast of SE-Vietnam are closely linked to the Holocene coastal 
evolution. Their evolution is a result of sea-level fluctuations, which occurred during 
the Holocene.        
8. The comparison between Vietnamese beachrock with the Madagascar Beachrock 
confirmed that distinct places show similar principles of sedimentation, widely 
influenced by the sandy beaches, where they are found. The lithification process is 
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driven by physicochemical agents of water coupled with geomorphological 
characteristics of the beachrock places themselves.   
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4. Holocene sea-level history of the SE-Vietnamese coast 
Abstract: 
Beachrocks, beachridge, washover and backshore deposits were investigated at the southeast 
Vietnamese coast in order to reconstruct Holocene sea level changes. From the above mentioned sea-
level indicators, eighteen samples were collected and analysed by AMS radiocarbon dating. In 
addition, three sea-level index points from salt marsh deposits, sampled in the upper Mekong Delta 
were included with the reconstruction (Tamura et al., 2007). 
The Holocene sea-level history reconstructed by these indicators ranges in age from 8000 cal yr BP to 
present. Ages between 7960 to 7340 cal yr BP marks the last phase of the early Holocene linear 
deglaciation. Furthermore, the period between 6721 to 5869 cal yr BP with an average height of 1.32 
m above modern mean sea-level (amsl) was identified by beachrocks.  
In addition, a slight sea level rise was identified as the likely maximum highstand position in the mid-
Holocene (5687 to 5377 cal yr BP). This highstand position is represented by beachridge which serves 
as an indicator of the uppermost spring-tidal sea level below beachrigde deposition (2.67 m amsl). 
This corresponds to a maximum mean sea-level of 1.52 m amsl found for the subtraction of the half 
modern tidal range of 1.15 m.   
The mean sea level differs by 0.20 m between beachrocks and beachridge deposits. Thus, the probable 
scenery for the mid-Holocene sea-level highstand shows beachrocks deposited in the intertidal zone 
and beachridge deposits in the supratidal zone. Both indicators denote the same period of formation 
within the interval of 6760 to 5377 cal yr BP representing the highstand period. Sea-level dropped 
after 5377 to 3600 cal yr BP reaching 0.71 m amsl measured on beachrocks. Since this time to 642 cal 
yr BP, the age of the youngest beachrock, sea level converged towards modern sea level.  
A rate of 3.8 mm yr-1 of sea-level rise was calculated from salt marsh indicators and concerns 
beachrocks with 2.9 m of height within the period of 7730 to 6700 cal yr BP. Then sea-level rise 
decelerated strongly from 6700 until 5500 cal yr BP reaching finally the highstand. After 5500 cal yr 
BP sea level started the drop slightly, for the last 4500 years a linear drop of 0.29 mm yr-1 was 
calculated. 
Holocene sea-level history of the SE-Vietnamese coast                                                                           Chapter 04 
 52 
The Holocene sea-level fluctuation observed in Southeast Vietnam resulted from glacio-isostatic 
processes: The sea-level rise up to the mid-Holocene highstand was provoked by the last melting 
phase of polar ice-sheets at the end of the last glaciation. The process of Equatorial Ocean Siphoning 
due to isostatic relaxation movements of the lithosphere in high latitudes induced subsequent sea-level 
lowering in low latitudes since the mid-Holocene.     
4.1. Introduction 
Sea-level changes during the Holocene have been an important topic of research; mainly 
because the sea level reached a highstand position in mid-Holocene time on most equatorial 
coasts (e.g. Long, 2001; Pirazzoli, 1991). Research also focuses on the processes that induced 
this elevation during the mid-Holocene. The relative sea-level rise in the mid-Holocene 
between approx. 7000 to 5000 years ago is initially a result of the end of the last glaciation 
about 21 ky ago (e.g. Peltier, 1994; Hanebuth et al., 2000). When the melting of the ice sheet 
started, two processes were activated: the glacio-isostatic and the hydro-isostatic movement of 
the lithosphere. 
Glacio-isostatic processes characterize incremental changes in the sea level as a result of the 
deformation of the earth surface due to the melting of ice sheets. Subsequently a second 
process starts, which is the so-called hydro-isostatic process being a contribution to the 
adjustment of the earth to the redistributed-melt-water load into the oceans (Lambeck & 
Johnston, 1998). These processes are described as the rheology movement of the lithosphere 
and are provoked by the dwindling of the polar ice-sheet in the northern hemisphere coupled 
with a reduction of the Antarctic ice sheet. When the last postglacial eustatic sea-level rise 
had begun, it had a far-reading effect on the mid-Holocene relative sea level (e.g. Nakada & 
Lambeck, 1989; Peltier, 2002; Fleming et al. 1998) Due to these complex geophysical events 
associated with constancy and rapid sea-level responses, which were manifested themselves 
in different places of the equatorial region, there exists a wide interest in Holocene sea-level 
fluctuations.  
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Previous studies in the region of Southeast Asia have shown a mid-Holocene sea-level 
highstand induced by the processes described above. However, the sea-level fluctuation in 
this region is not well known. Therefore, there is only a small number of research works; and 
not every works are taken into consideration possible variable influences the sea-level 
fluctuation, as was explained recently to Woodroffe & Horton (2005).  
Most of the research works about sea level on the Vietnamese coast were done on the delta 
regions and some islands. For the delta of Song Hong - Red River in North Vietnam, Mien & 
Phon (2000) and Tanabe et al. (2003 and 2006) have presented a Holocene sea-level curve 
based on marine notch, mangrove clay and shell midden. As far as the South Vietnam region 
is concerned, Nguyen et al. (2000) and Ta et al. (2002) have attributed to elevated relict 
deposits, flood plains and beachridge the evolution of the Mekong Delta. Tamura et al. (2007) 
have investigated the Holocene deposits in intertidal and supratidal zones and have described 
them as results of deglaciation sea-level rise. 
Furthermore, Korotky et al. (1995) collected a great number of samples from islands localized 
in the vicinity of Vietnam’s coast. Based on these dates, An (1996) has proposed a sea-level 
curve interpolated the different of elevations sea level. Boyd & Lan (2004) have proposed a 
sea-level curve for North Vietnam (Ha Long Bay) only one index dating sampled from a 
wave cut notch. Finally, Lam & Boyle (2000) have presented a sea-level history for the Bac 
Bo Golf derived from Holocene coastal deposits which formed during sea-level rise.  
The objective of the present research paper is to elaborate a sea-level curve from the mid-
Holocene for the SE-Vietnamese coast. The most important sea-level indicators are 
beachrocks and beachridge in highstand position. The vertical heights of sea-level indicators 
were referenced to a known tidal gauge datum measured at Mui Dinh substation, in the 
vicinity of the sample positions.  
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4.2. Indicators of sea-level reconstruction  
The sea-level reconstruction on the SE-Vietnamese coast was performed with the help of two 
main indicators: beachrock and beachridge. Beachrock is widely recognised as a former 
indicator of sea-level stability. It was investigated in many regions like on the Maly-Thai 
peninsula (Tjia, 1996), in South Africa (Ramsay & Cooper, 2002, Ramsay, 1995) - with 
beachrocks submerged onto the continental shelf – on the Nansei Islands in southwestern 
Japan (Omoto, 2001, 2004) and in Northeast of Brazil (Caldas et al., 2006; Vieira & De Ros, 
2006). 
The structure of beachrock is formed by sand and gravel including fossils and skeleton 
fragments of coral. Beachrocks developed in the intertidal zone by cement precipitation from 
carbonate, a process which occurs mainly takes place in tropical and sub-tropical regions 
under favourable conditions as far as the lithification process is concerned, which implies 
solubility of carbonates and a high rate of evaporation (Moore, 2004).  
However, the difficulty of associating beachrocks with sea-level stability is related to the tidal 
regime, because the formation of beachrocks is directly linked to the tidal range. Therefore, 
some authors believe that beachrocks are more reliable sea-level indicators on microtidal 
coasts (e.g. Hopley, 1986; Guilcher, 1988; Cooper, 1991; Kindley & Bair, 1993; Ramsay, 
1995; and Ramsay & Cooper, 2002). Nevertheless, when research works are accomplished on 
mesotidal coasts, they are realized with regard to the beachrocks` characteristics and involve 
petrographic description, precise levelling of the vertical position in relation to present sea 
level, as well as sample from the uppermost level of beachrock. These characteristics are 
appropriate to take accurate indexes of the sea-level history (Oliveira et al., 1990, Bezerra et 
al., 1998, and Caldas et al., 2006). Furthermore, the coastal environment influences the 
diagenetic features identified by chemical and geochemical analyses (Longman, 1980; 
Vollbrecht & Meischner, 1993; and Font & Calvet, 1997) and evaluated by radiocarbon 
dating. All these items provide sufficient material to reconstruct former sea levels. 
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The next important sea-level indicator, which was found, was beachridge deposit. It is a 
sedimentary deposit developed by storm-surge events. However, beachridge is not considered 
as a geomorphological indicator of ancient sea-level stability. 
A definition of beachridge is presented by Hesp et al. (2005), who analysed the terms of 
prograded barriers. They describe beachridge as swash aligned deposits. According to them a 
beachridge develops when swash and storm waves build deposits or ridges. They are 
primarily formed from sand, pebbles, cobbles or boulders, or from a combination of these 
sediments, but also from various kinds of other marine or organic sediments (e.g. from shell, 
coral and wood). They are typically formed at or above the normal spring tide level, being 
generally persistent. They are marine deposits formed by wave action. 
From the present definition it may be assumed that abandoned shoreline beachridge plays an 
important role as a sea-level indicator if the predicted maximal sea-level amplitude is 
represented by the beachridge base. The building sequence corresponds to the deposition 
accomplished not within the sea-level range, but above the maximum sea level.   
Beachridge as a former sea-level indicator has been investigated in coastal areas of Thailand 
(Tjia, 1996; Sinsakul, 1992) and West Java (Rimbaman, 1992). Following these authors, 
beachridge is described as a linear geomorphic element found on land generally 1 m above the 
high tide and running parallel to the present shoreline.  
Apart from these indicators washover and backshore deposits were also evaluated. Washover 
deposits have a bar or barrier shape and are accumulated by storm-surge events (e.g. Donnelly 
et al., 2004). They can be understood as a former sea-level indicator only when they are found 
above the maximum spring-tidal level, because deposition induced by storm-surge does not 
correspond to intertidal zone. Backshore is defined as a deposit found in the upper shore zone 
beyond the advance of the present waves and tides. It is also known as backbeach and beach-
backshore. 
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4.3. Material and methods  
The area studied is localized on the SE coast of Vietnam, with an extension of 270 km 
between the cities of Nha Trang and Phan Thiet (Fig. 4.1). During two field campaigns 
potential sea-level indicators were sought. After that could be characterize former sea-level 
fluctuation throughout this coastal area. Through field observation and personal 
communication with Vietnamese scientists we were able to identify two major deposit types. 
These structures were found at four stations, with the largest distance between them being 
34.8 km along the coastline (Fig. 4.1).  
The principal sea-level indicators, which were evaluated, are beachrocks and beachridges in 
highstand position. Shell and coral fragments were sampled from beachrocks and beachrigdes 
for 14C radiometric datings. The positions of the samples as well as the beachrocks and 
beachrigde uppermost positions were accurately surveyed in relation to the water-line using a 
theodolite. After that, the heights measured were regarding the mean sea level and the 
maximal spring tide by tidal data from the Mui Dinh tidal-gauge substation.  
All carbonate materials were carefully collected in order to obtain the depositional age of the 
beachrocks. Only fossils that were transported rapidly from their death place to the 
depositional environment were sampled in the field. This condition is represented by molluscs 
with well-preserved shell, and particular by bivalves with both valves still connected (Fig. 
4.2). In laboratory, the fossils were removed from the consolidated beachrock pieces using a 
dentist driller; because of the high-duration of beachrock and the importance to take fossils 
with good preservation for their identification. Afterwards every carbonate sample chosen for 
dating was analysed by XR-Diffraction in order to observe a possible alteration of the original 
mineral-phase aragonite to diagenetic calcite. The recrystallized samples were discarded. 
Thus, a group of 18 fossils mainly consisting of bivalves and corals were dated. The 
methodology of 14C dating has been set forth in chapter 2. 























































































Fig. 4.1. The working area. Positions of each sample as well as their respective sea-level indicators. The tide 










Fig. 4.2. Picture “a” shows a bivalve cemented in beachrock. Picture “b” within the circle is also a bivalve 
collected from beachridge. Both shells still show their valves connected, indicating a short time since they died 
until deposition.  
 
4.4. Results 
4.4.1. Sea-level indicators  
The main indicators of ancient sea-level stability found in the investigated coastal area were 
beachrocks that lie landward in the intertidal zone and beachridge deposit in the supratidal 
zone (Fig. 4.3). The beachrocks were found at three locations on the SE-Vietnamese coast, 
deposited in the intertidal zone. Two bodies were detected in the vicinity of Ca Na town and 
the third was found in the fishing village of Son Hai (Fig. 4.1).  
The Ca Na Beachrocks measured between 60 and 80 m in length and their vertical position 
attained 0.30 m above today’s maximum spring tide (amst), corresponding to the uppermost 
position. The Son Hai Beachrock with 60 m of length has an uppermost position of 0.45 m 
amst; see table 1 chapter 2. 
The investigation of beachrocks showed marine influence with early cement formation 
consisting of micritic high Mg-calcite and aragonite crystals. Cementation occurred under 
marine phreatic conditions in an intertidal environment, indicated by high chemical 
concentration of Mg and Sr. Furthermore, bladed cement formed by freshwater in a mixed 
marine-freshwater environment. In the more elevated positions of beachrocks it has replaced 
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the original marine cement. The characterisation of beachrocks in the study area is given in 
the third chapter.  
 
Elevated position, beachridge























Fig. 4.3. Geological indicators of sea level presented in the relief on the SE-Vietnamese coast. Beachridge is 
found in elevated position, whereas beachrocks are identified close to the water. 
 
Beachridge was not easy to find in the study area because deposit was buried in the 
dunefields, which made its detection difficult. It was detected in places where temporary 
rivers had cut the relief transversally as well as in places where anthropogenic activities such 
as the building of houses occur. For these reasons, it was not possible to make clear inferences 
about beachridge geomorphology.  
The observation of beachridge deposits revealed two very distinct features. The upper part of 
beachridge deposit is formed by a massive layer of bioclastic debris. The lower part consists 
of bioclastic horizons of coral fragments, gastropods and bivalves, which are separated by 
sandy layers. 
The beachridge section is situated on the backshore with a transversal distance of 94 m from 
the waterline and with 6 m in width. The maximum vertical height or uppermost position 
from the waterline was measured at 3.57 m amsl, and the maximal height of deposit amounts 
to 1.80 m. The thickness of the lower stratified and the upper no stratified units reached 0.90 
m each (Fig. 4.4).  
The beachridge seems to run parallel to the present shoreline above the present sea level, if 
the geomorphologic base allows it. However, this statement seems to be very difficult to 
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prove, mainly because fossil beachridge could only be found at three stations. Two samples 












































Fig. 4.4. The beachridge deposit found near Ca Na in SE-Vietnam shows two distinct units. The upper part is 
formed exclusively by bioclastic debris framework between 1.80 to 0.90 m. The lower part is from 0.90 to 0 m 
formed by alternating layers of bioclastic debris and siliciclastic sand. The sea-level scale is connected to the 
heights of the beachridge.   
 
4.4.2. Radiocarbon age control  
In four investigated sites within the study area 18 sea-level indexes were available. Each 
position of the locations as well as the identified samples are presented in Figure 4.1. The 
results of the determination of the ages from AMS radiocarbon dating with their elevations 
are presented in Table 4.1 as well.  
a) Son Hai locality, station 1 (11° 24.946`N /109° 00.622`E) 
The Son Hai station is located 97.7 km southward of Nha Trang town. At this locality a series 
of beachrocks parallel to the beach in front of Son Hai village which serve as sea-level 
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indicators. The index points of the sea level were measured in three levels of these beachrocks 
bodies.  
The youngest sample was a coral fragment (Vn 6050505) collected at 0.87 m amsl and - 0.28 
m above the maximum spring-tidal sea level (amstsl); it ranges in age from 681 to 603 cal yr 
BP. The following samples are identified as a coral fragment (Vn 06050507) collected at 0.89 
m amsl and - 0.26 m amstsl with an age of 752 – 661 cal yr BP. The oldest sea-level index 
sampled in Son Hai station was also identified as a coral fragment (Vn 06050508). It was 
found at 0.89 m amsl and - 0.26 m amstsl representing an age of 1256 -1164 cal yr BP. 
The ages dated from beachrocks in Son Hai indicated formation in the late-Holocene. 
However, the uppermost beachrock position was measured at 0.45 m amstsl, showing older 
beachrock formation than in the intertidal zone. Moreover, a coral sampled in this uppermost 
position could not be dated due to its high level of recrystallization, which is a signal of an 
older beachrock formation. 
b) Ca Na locality (Ca Na 1), station 2 (11° 19,975`N / 108° 52,320`E) 
In the coastal area near Ca Na town, located 112 km southward of Nha Trang, two former sea-
level indicators were identified. The first station is Ca Na 1, located 2.03 km southwest of Ca 
Na town, representing beachrocks and beachridge.  
The youngest sea-level index is a coral fragment (Vn 09110306) collected at 1.17 m amsl and 
0.02 m amstsl, yielding an age ranging from 5928 to 5810 cal yr BP. The second index is 
identified as a bivalve shell (Vn 05050509) collected on the coordinate of 11° 19.993`N / 
108° 52.429`E at 1.22 m amsl and 0.07 m amstsl. This fragment yields an age ranging from 
6208 to 6055 cal yr BP.  
The oldest sea-level index is a coral fragment (Vn 05050507) out of a bioclastic layer from 
top of a small beachridge which is 0.71 m high. This sample was collected at 1.47 m amsl and 
0.32 m amstsl ranging in age from 7323 to 7203 cal yr BP. This sample is the oldest sample 
used for sea-level curve reconstruction on the SE-Vietnamese coast.  
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c) Ca Na locality (Ca Na 2) Station 3 (11° 19.803`N / 108° 50.550`E) 
The third station is located 4.95 km southwest of Ca Na town. At this location, 12 indexes 
were sampled from beachrock and one from beachridge.    
The youngest beachrock sample was a coral fragment (Vn 04050502) representing an age 
ranging from 3332 to 3213 cal yr BP at an elevation of 0.61 m amsl and - 0.54 m amstsl. The 
next sample, found in the same site as the first was identified as a coral fragment (Vn 
04050501), dating from 3668 to 3542 cal yr BP and being located at 0.71 m amsl and - 0.44 m 
amstsl. The third index was also as coral fragment (Vn 11110310) collected at 1.22 m amsl 
and 0.07 m amstsl, yielding a ranging from 3826 to 3694 cal yr BP. The fourth sample, a 
bivalve (Vn 04050503), was collected at 1.45 m amsl and 0.30 m amstsl and represents an age 
ranging from 6742 to 6618 cal yr BP. The last sample was identified as coral fragment (Vn 
04050504) collected at the same position as the anterior sample, representing a very similar 
range of age from 6791 to 6652 cal yr BP. 
The position of beachrock samples at the Ca Na 2 station represented two different times of 
deposition. The first in the early mid-Holocene is dated to 6721 and 6680 cal yr BP, reaching 
0.30 m amsl; the second within the late-Holocene dated 3760 cal yr BP.   
Three sea-level indexes were found in beachridge the elevated position above the maximum 
spring-tidal level. The following datings were obtained: the youngest sample was a bivalve 
shell (Vn 05050501) found at 2.97 m amsl and 1.82 m amstsl (see Table 2.1 in chapter 2), 
yielding an age range from 5436 to 5319 cal yr BP. The second index of the beachridge was 
sampled in 3.57 m amsl and 2.42 m amstsl (see Table 2.1 in chapter 2) and was identified as a 
bivalve shell (Vn 11110306) dating from 5605 – 5470 cal yr BP. The third sample was a coral 
fragment (Vn 11110307) sampled at 2.76 m amsl and 1.52 m amstsl. This sample ranged in 
age from 5758 to 5616 cal yr BP.   
The sequence of radiocarbon dates of beachridge is important for sea-level reconstruction, 
because they cover a period, which is not found in beachrocks. Therefore, it is a hiatus period 
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with regard to beachrock, but it formation supplies evidence for beachridge formation for the 
age interval between 5377 and 5758 cal yr BP (mid-Holocene). 
Apart from of these samples from the Ca Na station 3, two different position of the former 
sea-level indicators were evaluated. The samples Vn 11110311 and Vn 11110302 were 
collected from two different abandoned shore deposits. They are described as washover and 
backshore respectively (Tab. 4.1). 
The sample Vn 11110311 was identified as a gastropod mollusc and was collected in a 
washover deposit in the position of 2.18 m amsl and 1.03 m amstsl, yielding an age range 
from 1806 to 1682 cal yr BP. The second sample from the abandoned Backshore was 
identified as a bivalve mollusc (Vn 11110302) and was collected from a backshore deposit. 
The sample from the highest position was collected at 1.62 m amsl and 0.52 m amstsl, 
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*Not enough material. 
Arg. - Aragonite 
 
Table 4.1. Radiocarbon ages of sea-level indicators. The elevations are referenced to above mean sea level 
(AMSL) and maximum spring-tidal sea level (AMSTSL) today. The results of 14C dating with respective 
aragonite concentration were calibrated to 1σ, enclosing 68.3% of probable distribution area. Moreover, three 
additional samples from the upper Mekong Delta River are presented, representing the positions below the 































KIA 27723 Son Hai Beachrock 
Vn 06050505 
Coral 0.87 -0.28 1005 ±25 99 642 681-603  0.69 ±0.05 
KIA 29581 Son Hai Beachrock 
Vn 06050507 
Coral 0.89 -0.26 1095 +35/-
30 
* 706 752-661  4.11 ±0.30 
KIA 29367 Son Hai Beachrock 
Vn 06050508 
Coral 0.89 -0.26 1570 ±25 98 1210 1256-1164  -0.18 ±0.07 
KIA 26152 Ca Na 1 Beachrock 
Vn 09110306 
Coral 1.17 0.02 5420 ±30 94 5869 5928-5810  
5800-5794  
1.78 ±0.05 
KIA 29373 Ca Na 1 Beachrock 
Vn 05050509 
Bivalve 1.22 0.07 5650 ±40 95 6131 6208-6055  3.13 ±0.19 
KIA 27725 Ca Na 1 Beachridge 
Vn 05050507 
Coral 1.47 0.32 6655 ±40 99 7263 7323-7203  -2.88 ±0.24 
KIA 29372 Ca Na 2 Beachrock 
Vn 04050502 
Coral 0.61 -0.54 3325 ±30 100 3272 3332-3213  0.95 ±0.20 
KIA 29369 Ca Na 2 Beachrock 
Vn 04050501 
Coral 0.71 -0.44 3615 ±25 92 3605 3668-3542  0.66 ±0.10 
KIA 26151 Ca Na 2 Beachrock
 
Vn 11110310 
Coral 1.22 0.07 3745 ±30 100 3760 3826-3694  0.21 ±0.11 
KIA 27721 Ca Na 2 Beachrock 
Vn 04050503 
Bivalve 1.45 0.30 6160 ±35 98 6680 6742-6618  0.04  ±0.17 
KIA 29368 Ca Na 2 Beachrock 
Vn 04050504 
Coral 1.45 0.30 6210 ±35 99 6721 6791-6652  0.84 ±0.28 
KIA 29370 Ca Na 2 Beachridge 
Vn 05050501 
Bivalve 2.97 1.82 4965 ±30 91 5377 5436-5319  0.66 ±0.10 
KIA 24556 Ca Na 2 Beachridge
 
Vn 11110306 
Bivalve 3.57 2.42 5120 ±55 100 5537 5605-5470  -0.34 ±0.22 




1.52 5270 ±40 99 5687 5758-5616  0.88 ±0.16 
KIA 34377 Ca Na 2 Beachridge  
Vn 05050501ª 
Coral 2.35 1.20 5010 ±30 * 5450 5384-5508 -2.34±0.23 
KIA 34378 Ca Na 2 Beachridge 
Vn 05050502 
Coral 2.25 1.10 5185 ±35 99 5610 5573-5653 -5.53±0.27 
KIA 24557 Ca Na 2 Washover 
Vn 11110311 
Gastropod 2.18 1.03 2075 ±30 99 1744 1806-1682  0.52 ±0.09 
KIA 24560 Ca Na 2 Backshore 
Vn 11110302 

















13C ‰ Reference 
Beta 192748 Salt marsh 
deposits 
Plant fragment -0.08 6250 ± 40 7207 
 
7253-7161 -27.9 Tamura et al.  
2007 
Beta 192749 Salt marsh 
deposits 
Plant fragment -0.90 6620 ± 40 7498 7521-7475 
7566-7534 
-27.9 Tamura et al.  
2007 
Beta 192751 Salt marsh 
deposits 
Plant fragment -2.08 7130 ±  40 7966 7998-7935 -28.1 Tamura et al.  
2007 
Holocene sea-level history of the SE-Vietnamese coast                                                                           Chapter 04 
 65 
4.4.3. Holocene sea-level history   
Figure 4.5 presents the reconstruction of the mid-Holocene sea-level curve for the southeast 
Vietnamese coast. It is a result of a precise AMS-radiocarbon dating and careful sampling of 
fossils together with elevation measurements on beachrock, beachridge, washover and 
backshore deposits. 
The sea-level curve is based on 18 index points, calculated from the values above the present 
mean sea level. The three index points below the present mean sea level are AMS 14C dated 
plant fragments from the upper Mekong Delta. They were sampled from salt marsh deposits 
from the intertidal to supratidal (Tamura et al. 2007). The vertical error bars in every sea-level 
index point originate from different tidal ranges, which depend on the local samples and 
sediment deposits.  
The beachrock error bars are calculated from the maximum tidal range for the present time in 
the Mui Dinh datum. The tidal range in the Mui Dinh sub-station represented a maximal 
spring-tide corresponding to 2.1 m and a mean sea level at 0.95 m, analysed on the nodal 
cycle, which corresponds to 18.6 years. Therefore, the beachrock error bars correspond to 
1.15 m half-tidal range on each side of the dots. However, concerning the last three younger 
ages, the errors bars extend 0.6 m upward and 1.7 m downward because the samples were 
collected very close to the top of beachrock bodies. With regard to salt marsh deposits, the 
error bars span 2.6 m, which is the tidal range in the Mekong River Delta, according to 
Tamura et al. (2007). The upward error bar reaches 0.7 m and downward reaches 1.9 m due to 
the deposits were found from intertidal to supratidal setting.  
Beachridge error bars only extend on the downward side of the dots because they represent 
the uppermost position measured on the sea-level indicator. The interval of the error bar 
reaches 0.90 m in maximum, which corresponds to the thickness of beachridge deposit. It 
decreases successively relative to the sampling of the heights (Fig. 4.5 and Fig. 4.6). The 
sample Vn 05050507 was also sampled in beachrigde; its position has been corrected 
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downward 0.71 m, it yielded a vertical position of 0.76 m amsl. More information about the 
development of beachridge during sea-level history will be given below.  
The error bar concerning the sea-level index from washover presents only a bar downward of 





































MSTSL - Maximum spring-tide sea level
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Fig. 4.5. Holocene sea-level curve for the SE-Vietnamese coast, for mean sea level and maximum spring-tide sea level based on 
different sea-level indicators. Vertical error bars mark intertide in beachrocks and minimum extension of supratidal deposits. Symbols 
cover 1σ range of calibrated AMS radiocarbon ages. 
 
Holocene sea-level history of the SE-Vietnamese coast                                                                           Chapter 04 
 68 
With regard to backshore deposit, the sea-level index also has a downward error bar because 
this deposit normally stays within the supratidal zone. Thus, from the position of the dot, the 
error bar extends 2.1 m downward (Fig. 4.5). 
Sea-level index points below the present sea level and older than the mid-Holocene are 
available from the Mekong region. These index points vary from - 2.08 m to - 0.08 m within 
the age interval from 7966 to 7207 cal yr BP. These ages were connected with the highstand 
beachrocks` age and so doing we could reconstruct the last phase of the early Holocene linear 
sea-level rise, which amounts to 3 m in approx. 1000 years (Fig. 4.5).  
The following segment of sea-level indicates the rise of the mean sea level to the highstand 
beachrocks, which show a range of ages from 6721 cal yr BP sampled at 1.45 m amsl until 
5869 cal yr BP of 1.17 m amsl. Within this interval, two more sea-level index points with 
very similar height positions were measured (Table 4.1). This information about beachrocks 
confirms a low variation of sea level during a period of 852 yr with an elevation average of 
1.32 m amsl from the heights measured, and therefore supports an occurrence of sea-level 
stability. Furthermore, recent work on the Singapore coast presents sea-level elevation similar 
to the beachrocks explored in Vietnam (Bird et al., 2007).  
In comparison with the sequence of the sea-level trajectory regarding beachrocks, a slightly 
higher sea level is indicated by beachridge formation. The criterion for highstand positions is 
that the sea-level rise must be limited by the identification of an uppermost level, defined as 
the maximal amplitude for spring tide. Based on this criterion, the uppermost spring-tidal sea 
level for the southeast Vietnamese coast was found at 2.67 m amsl (Fig. 4.6). 
The maximal amplitude of the sea level was identified by different features of the investigated 
beachridge. The base is at 1.77 m amsl, whereas the maximum height amounts to 1.80 m or 
3.57 m amsl. The upper unit reaches from 3.57 to 2.67 amsl, consisting exclusively of 
bioclastic fragments of coral, bivalve, gastropod, deposited as a massive debris-layer (Fig. 
4.6a). The lower unit extends from 2.67 m to 1.77 m amsl and is the most basal part with 
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exposed layers of intermissive bioclastic debris, which are separated by sandy layers. This 










Fig. 4.6. Picture “a” shows the whole stratigraphic features with 1.80 m in height. Only the upper part 
corresponds to beachridge reached at 0.90 m; the lower part corresponds to sediment bases. Picture “b” shows 
the height of beachridge in Phan Rang town, which is the same as in Ca Na. 
 
The grain-size of sandy layer in the lower unit ranges between medium sand and coarse sand, 
(Fig.4.7) representing typical beach sand (see chapter 3). Besides, two coral fragments were 
dated in 5450 and 5610 cal yr BP (Vn 05050501 A, Vn 05050502) (Table 4.1). They 
indicated the same period of deposition as the upper unit. From these results can be inferred 
that this part of the beachridge belongs to the upper beach sediment within the intertidal zone. 





















































Fig. 4.7. Grain size composition of sediment sample Vn 05050502 from the lower part of beachridge deposit. 
The result shows a mixture of predominantly coarse and medium sand. 
 
Real beachridge corresponds only to the upper layer. Thus, the highest sea level calculated for 
the mid-Holocene on the coast of southeast Vietnam is at 2.67 m amsl (Fig. 4.5) and makes 
the maximum spring-tidal level during the sea-level highstand in the mid-Holocene. It can be 
assumed that the sea-level reached its uppermost position at the base of the 0.90 m thick 
beachrigde of Ca Na that is 2.67 m amsl (Fig. 4.6a).  
Therefore, all beachridge ages between 5760-5320 cal yr BP were corrected downward to 
2.67 m. Hence, the oldest beachridge sample (Vn 11110307) was sampled at 2.67 m amsl 
making maximal spring-tide sea level. The second sample was taken from the top of the 
beachridge and was measured at 3.57 amsl (Vn 11110306). Regarding this sample the whole 
thickness of the beachridge had to be corrected. The third sample was collected at 2.97 m 
amsl (Vn 05050501), requiring correction up to the uppermost sea level of 0.30 m.  
Once the value for the maximal spring tide in the mid-Holocene had been identified, the mean 
sea level for this time period could be calculated through subtraction of the half tidal range in 
the region, assuming no tidal variation between the studied time periods. As far as the tidal 
value of the working area in Mui Dinh is concerned the gauge indicates a mean sea level 
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corresponding to 0.95 m as the tidal-gauge reference value, with a mean spring tide at 1.92 m, 
a maximal spring tide at 2.1 m. That means a half-tidal range of 1.15 m.   
From this information a maximum sea level of 1.52 m was inferred, based on the subtraction 
of 1.15 m, from 2.67 m, which indicated the position of the half present spring tide. In this 
way, the probable mean sea level during highstand position in the mid-Holocene was 
identified, but not completely established because the identified msl of beachrock highstand 
was 1.32 m, giving a difference of 0.20 m (Fig. 4.5).    
The approach of identifying the mean sea level as well as its uppermost level under the 
formation of beachridge confirmed the mean sea-level fluctuation in the mid-Holocene 
passing by 1.52 m between the years 5687 - 5377 cal yr BP, with an interval time of 310 yr. 
Furthermore, with these values the rate of sea-level rise could be calculated. In fact, the more 
or less linear rise from salt marsh indicators below the Mekong Delta to beachrocks of Ca Na 
amounted to 2.9 m within the period between 7730 to 6700 cal yr BP. This presents a rate of 
sea-level rise of 3.8 mm yr-1. In sequence, the sea-level rise decelerated strongly after 6700 
until 5500 cal yr BP. The sea-level highstand was reached in the time 5687 to 5377 cal yr BP. 
Figure 4.8 presents a model of the mid-Holocene highstand. The developed sea-level curve is 
put onto the beachridge features. The top has an elevation of 3.57 m amsl at 1.80 m of 
deposit. After that the maximum spring-tidal level in mid-Holocene appears at 2.67 m amsl at 
a height of 0.90 m. Subtracting half-tidal range of 1.15 m the mid-Holocene highstand can be 
calculated by 1.52 m above modern mean sea level.   
Thus, the evidence that the lower part of the beachridge outcrop belongs to an ancient beach is 
based on the following discoveries: 1) As far as the difference between the upper and the 
lower units, is concerned the upper unit is built up almost exclusively by bioclastics, whereas 
the lower unit contains layers of bioclastics and layers of sand; 2) Grain size distribution 
classifies the lower unit as consisting of medium and coarse sand, corresponding to the 
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distribution of sand on the tropical beach; 3) The upper and lower Ca Na beachridge units 
have been deposited during the same period. 
However, in Phan Rang town (Fig. 4.1) another beachridge with a 1σ range between 4889 - 
4782 cal yr BP (Vn 07050501) was explored. At this outcrop the thickness of the beachridge 
was also 0.90 m, which corresponds to the thickness of the beachridge found in Ca Na. 
Moreover, it is composed of very similar sediment types (Fig. 4.6b). In contrast to the 
beachridge in Ca Na, the present msl measured on the beachridge in Phan Rang was approx. 1 
m lower. While observing the region where this outcrop is exposed many anthropogenic 
effects were detected that had changed the original environment. It is also not sure, that this 
beachrigde rests in its original position. Therefore, the uppermost position measured against 
the present mean sea level at Phan Rang station was not taken into consideration. 
The start of the sea-level drop was deduced from the sea-level curve indicating a sea-level 
drop starting around 5377 cal yr BP. The next beachrock index marks a position at 1.22 m 
amsl, which suggests an age of 3760 cal yr BP (Fig. 4.5). Two indexes, one at 0.61 m and the 
other at 0.71 m amsl, correspond to ages between 3605 and 3272 cal yr BP respectively.  
The following group contains two samples with 1770 and 1744 cal yr BP from washover and 
backshore deposits respectively, which normally are deposited above the maximum spring 
tide. Therefore, their positions on the sea-level curve occur just above the ancient maximum 
spring tide. 
The last group of ages is found 534 yrs after the penultimate group of ages. The position at 
0.89 m suggests an age of 1210 cal yr BP. The next two samples were also taken at 0.89 and 
0.87 m amsl with respective ages of 706 and 642 cal yr BP, showing already a stabilization of 
the sea level in the late-Holocene period (Fig. 4.5). The reconstructed sea-level curve shows a 
linear sea-level drop of 0.29 mm yr-1 for the last 4500 years, from the 1.30 m to the modern 
mean sea level. 
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Fig. 4.8. Mid-Holocene sea-level highstand showing the top of the beachridge at 3.57 m, with the maximum 
spring-tidal sea level of 2.67 m and the mean sea level at 1.52 m put on the deposits` features. From 1.80 to 0.90 
m is the beachridge deposit with three carbon datings indicating ages between 5687 to 5377 cal yr BP. The 
sequence between 0.90 to 0 m is below the beachridge, identified as the upper part of an ancient beach.           
 
4.5. Discussion  
With the aid of the beachrock and beachridge sea-level indicators, two different heights at 
highstand mean sea level could be measured: 1.52 m amsl was measured in beachridge, and 
the second height of 1.32 m amsl was calculated from the average of the maximum beachrock 
elevation with both resulting in a difference of 0.20 m. In fact, the small difference between 
both indicators is insignificant. Therefore, the scenery describes a sea-level highstand from 
6721 to 5377 cal yr BP, preserved in beachrocks in the intertidal zone and beachridge in the 
supratidal zone (Fig. 4.5). The proposed scenery can also be supported by age results that go 
from older to younger beachrocks, directly overlying beachridge (Table 4.1).  
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However, this scenery is not ideal, because during beachrock lithification beachridge 
deposition did not occur, and vice versa. Thus, as no simultaneous formation of the two 
indicators was observed, and in order to avoid mistake interpretation of heights, it was 
assumed that the maximum mean sea level in southeast Vietnam for the mid-Holocene is 
measured in beachridge. Therefore, 1.52 m amsl and 2.67 m amsl denote the maximal spring-
tidal sea level.                       
Once the maximal spring-tidal sea level between 5687 to 5377 cal yr BP had been identified, 
it was possible to calculate the mean sea level, assuming the same tidal range as observed at 
present. The mean sea level found in the mid-Holocene at 1.52 m amsl is a result of the 
subtraction of the present half spring tide at 1.15 m from the uppermost spring-tidal level 
below beachridge, measured at 2.67 m.  
Different sea level positions from the mid-Holocene were corrected to a mean sea-level datum 
found in the vicinity of the sample stations. In this way, the topography of the working area 
corresponding to tidal influence is taken into account. 
The beachridge above the mid-Holocene spring tide is a deposit originating from storm-surge 
event. The stratified lower part consists of sand and bioclastics belonging to the gravel beach, 
which preceded the formation of the beachridge deposit. It consists of medium to coarse sand 
as the most frequently occurring type of sand, being similar to the grain size of the present 
beach (Fig. 4.7; see also the beachrock study). 
Beachridge deposits in SE-Vietnam as results of storm-surge events are suggested by its 
geomorphologic characteristics. Beachridge is deposited above spring tide, being composed 
exclusively of marine bioclastic fragments. Moreover, it seems to be arranged in a more or 
less continuous line parallel to the coastline. However, in this study beachrigde was only 
found at three locations, two in Ca Na and one in Phan Rang.  
In addition, the bioclastic debris of beachridge indicates that the sediment deposits found on 
the inner continental shelf during the sea-level highstand were formed by a great number of 
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fragmentary coral reefs. This sedimentary characteristic might reveal some adverse climatic 
conditions that induced the death of these organisms during this time. 
The rate of sea-level rise identified for the period from 7730 to 6700 cal yr BP amounts to 3.8 
mm yr-1 was identified. Tanabe et al. (2003) elaborated in their Holocene sea-level history of 
the Red River Delta a rate of 6 mm yr-1. Nonetheless, this rate is a result measured during the 
faster period of the Holocene sea-level rise between 9000 - 6000 cal yrs BP. Furthermore, 
Bird et al. (2007) found in Singapore a rate of sea-level rise of 3.3 mm y-1 from 7460 to 6530 
cal yr BP. 
Strong deceleration in sea-level rise was identified between the beachrock and the beachridge 
sea-level indicators within the period from 6700 to 5500 cal yr BP. Maybe this strong reduced 
rate of sea-level rise is the eustatic signal linked with a minor release of meltwater into the 
oceans from Arctic and Antarctic ice sheets (Fleming et al. 1998) due to the end of 
deglaciation, which was reached around 5 kyr. BP (Mitrovica & Milne, 2002). 
Sea-level rise in SE-Vietnam seems not to have been influenced by local tectonic events (An, 
1996). The tectonic activity in the region resulted in a last compression associated with the 
latest Pleistocene and continuing up to the Holocene in the regions of Phouc Dinh and Vinh 
Hai, northward of Nha Trang (Choi et al., 2005).  
After the mid-Holocene sea-level highstand followed a slight drop between 5377 and 4500 cal 
yr BP. From 4500 cal yr BP to now the sea level fell more or less linearly to the present level. 
Secondary oscillations could not be observed since the differences of the mean sea level 
between the index points are restricted to the present intertidal fluctuation.  
In comparison to other sea level studies from Vietnam, the Holocene sea-level history 
elaborated for SE-Vietnam has revealed significant differences to other regions of Vietnam. A 
maximal transgression between 6000 and 5000 yr BP for the southern region of the Mekong 
River Delta is evidenced by a coastal cliff (Nguyen et al. 2000, Ta et al. 2002) at 
approximately 4.5 m above the present mean sea level. 
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As regards the Red River - Song Hong Delta, Tanabe et al. (2003, 2006) elaborated a 
Holocene sea-level curve with ages derived from indicators such as marine notches, mangrove 
clay and shell midden and with additional dates from other authors. This sea-level curve has a 
mid-Holocene highstand at 2-3 m above the present sea level between 6000-4000 cal yr BP. 
The shape of this sea-level curve is similar to the spring-tidal curve for the SE-Vietnam coast 















Fig. 4.9. The sea-level curve for the Red River - Song Hong Delta - (Tanabe et al., 2006) in North Vietnam 
compared with the SE-Vietnamese sea-level curve. The dashed line represents the mean sea level, the solid line 
the maximum spring-tidal sea level; similarly of the maximum spring-tidal on the sea level curve in southeast 
Vietnamese coast and the Red river sea-level envelope.   
 
Boyd & Lam (2004) have proposed a sea-level curve using oyster datings from wave-cut 
notches found in Ha Long Bay. This curve indicates a sea-level highstand occurring in a 
similar age-interval to that presented in this study. However, the highstand is much higher. 
Maybe this occurred because the height was referenced by the Vietnamese national datum, 
whereas for the southeast sea-level curve a local mean sea level datum was used. 
Furthermore, the above mentioned sea-level studies deal with islands in the vicinity of the 
Vietnamese coast. Korotky et al. (1995) presented datings sampled at scattered points around 
the islands. The mid-Holocene highstand is situated 4-5 m above the present sea level 5000 
yrs BP. However, this work seems to be very complex, as it presents many index datings in 
several geomorphological deposits. Amongst others, beachrocks and the occurrence of a 
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marine terrace in high position are described. No information, though, about the sediment 
constituents of the marine terrace is given.  
In order to reconstruct a Holocene sea-level curve, An (1996) used Korotky`s dates and 
interpolated them. However, this does not seem to be appropriate to reconstruct a sea-level 
curve, because it resulted in a sea-level curve with several highstand and lowstand positions.   
In addition to the regional context, a comparison of the Holocene sea-level history in SE-
Vietnam with other coastal regions of SE and E Asia had been done. These regions present 
records for highstand positions that agree with the Vietnamese sea-level highstand. This is 
mainly true for places where no tectonic processes occurred that could overprint the eustatic 
sea-level rise. In this case, the sea level is induced by a mantle rheology signal as a response 
to a glacio-isostatic process along with a hydro-isostatic process that will be discussed below. 
A series of works were published about the coast of China northward of Vietnam, dealing 
with the reconstruction of the Holocene sea-level history. In many places the results did not 
show the mid-Holocene highstand (Zong, 2004; Chen & Stanley, 1998). The authors 
confirmed a rise of sea level above the present position with regard to the eustatic signal. 
However, Zong (2004) found out that the tectonic processes exceeded the eustatic signal on 
the East Chinese coast. Regarding the Hong Kong coast, Davis et al. (2000) described the 
highstand sea level attaining 1.7 m above the high-tidal level, dated from shell relict at 5140 
cal yr BP; but this elevation was corrected too low after a re-examination by Yin & Hung 
(2002). 
Opposite of the Vietnamese coast, the Philippine islands were investigated by Berdin et al. 
(2004). He found many places with Holocene sea level indicators on Palawan, Samar and 
Ilocos. The results suggest that sea-level elevations were caused by tectonic movements 
during the mid-Holocene period. However, Maeda et al. (2004) found a highstand 0.3 and 0.6 
m amsl in Panglao and southwest Bohol, which is lower than in Vietnam. In contrast to 
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Berdin, Maeda suggests that the highstand is induced by an eustatic sea-level rise because the 
island is tectonically stable.    
As regards the southward direction, scientific works have shown a higher mid-Holocene 
highstand. In beachridge on the Malay-Thai peninsula, Tjia (1996) showed a maximum sea 
level at 5 m above the modern sea level around 5 kyr BP. Horton et al. (2005) observed a 
mid-Holocene highstand sea-level at 3 and 4 m from 4850 to 4450 cal yr BP in a sedimentary 
sequence of assemblages dominated by pollen of mangroves and freshwater swamps from the 
Malay-Thai peninsula.  
In the coastal region of the Thailand Gulf, Sinsakul (1992) identified a maximum sea-level 
highstand in beachridge deposits occurring at approx. 6 kys above 4 m of the present msl. 
However, Scoffin & Tisser (1998) described a sea-level highstand occurring at 6000 yrs for 
Phuket in the Andaman Sea in southwest Thailand showing an elevation of 1 m amsl from the 
flat coral reef. 
As far as Singapore is concerned, Hesp et al. (1998) have presented a tentative sea-level curve 
from a fluvial and estuarine stream, reaching the maximum sea level around 6500 to 7000 yrs 
BP at approx. 3 m amsl. However, Bird et al. (2007) identified a sea-level highstand at 
approx. 7000 cal yr BP, elevated 1.5 m above msl in Singapore. This elevation is similar to 
the highstand sea level found in SE-Vietnam. In Java, Rimbaman (1992) measured a 
maximum msl of 3.5 m above the modern msl at 6 kyr BP in beachridge. 
Most authors date the mid-Holocene highstand between 7000 and 5000 yrs, what is similar to 
the new data from SE-Vietnam. But some studies assume a higher elevation of sea level. The 
difference might be caused by the procedure used for identifying the uppermost sea level in 
the case of beachridge, which means that the above mentioned authors positioned the 
uppermost sea level on top of it. Hence, the sea-level highstand brought about elevations, 
which are some metres higher than those found in SE-Vietnam, where the thickness of 
beachridge was not taken into consideration because it was deposited in the supratidal zone.  
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In connection with the records presented before, the distribution of the mid-Holocene sea-
level highstand is confirmed for the equatorial west Pacific coast. The mid-Holocene sea-level 
highstand was observed in every equatorial low-latitude setting. It is attributed to the last 
melting phase of ice-sheets, resulting in the postglacial sea-level rise. The succeeding sea 
level can be explained by glacio-isostatic effects adjusted for the rheological movements of 
the mantle and meltwater loading onto it. 
The glacio-isostatic theory says that the elevated sea level was developed because of the 
migration of the mantle away from the central equatorial ocean basin interior towards the 
regions that had undergone maximum glaciations before. During the glacial period, the weight 
of the ice sheet caused a deformation of the crust, forcing the sublithospheric mantle to flow 
toward the equator, creating lithospheric forebulges adjacent to the ice sheet margins, and 
causing the development of a gravitational anomaly in the low latitudes. With the 
deglaciation, continents rebounded viscoelastically, causing the negative gravity anomaly to 
decay and forebulges to collapse. Additional oceanic space was created by this process in 
higher latitudes and water masses of the tropical ocean migrated towards the former forebulge 
regions. The sequence of these events is called “Equatorial Ocean Siphoning” and is based on 
the numerical models ICE-3G (Mitrovica & Peltier 1991) and ICE 4G (Peltier 1994, 1996). 
The new sea-level curve reconstructed for SE-Vietnam supports this geophysical model 
However, the differences in timing and magnitude of highstands are presented as regards the 
places studied above, which had no tectonic influence, being a result of the differences in 
mantle rheology or in hydro-isostatic effect (Woodroffe, 1985, 1993; Woodroffe & Horton, 
2005 and Compton, 2006). This means that the highstand might have started earlier in lower 
latitudes rather than in places of higher latitudes, as is described by Nakada (1986) and 
Nakada and Lambeck (1989).  
Grossman et al. (1998) detected a mid-Holocene sea-level highstand throughout of the Central 
Pacific. Their approach was to use the highstand position of the sea level on several islands in 
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the Central Pacific with the amplitude plotted in relation to the latitudes. The result was a 
parabola crossing the equator with a higher sea-level highstand at the equator than in high 
latitudes, which is an effect of the forebulge oscillation during the glacial-isostatic adjustment. 
This parabola is considered by the authors as the best form to represent paleo-sea-level 
analyses. It was tried to establish a correlation between the Central Pacific data and the mean 
sea-level amplitude of 1.52 m measured in SE-Vietnam between 11° and 12° N. The plot is 
presented in figure 4.10. It can be noted that the sea-level highstand stays 50 cm below the 
descent of the parabola. 
Finally, Caldas et al. (2006) elaborated a sea-level curve from beachrocks in a study recently 
accomplished, which deals with the coast of Rio Grande do Norte in northeast Brazil at 
approx. 5° 10` S // 36° 10` W. Their results are almost identical to the ones presented in this 
work. The mid-Holocene mean sea level in northeast Brazil was at 1.30 m above the modern 
sea level, which is 0.22 m lowers than in SE-Vietnam. The highstand at 5900 cal yr BP in 
northeast Brazil occurred 300 years earlier than in SE-Vietnam.    
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Fig. 4.10. The parabola shows the correlation between sea-level elevation and latitude indicating the rheological 
adjustment. The crosses mark primary data points selected by Grossmann et al. (1998) and the arrow marks the 
mean sea level measured on the Vietnamese coast between 11° and 12° N. 
 
4.6. Conclusions  
1. The identification of the sea-level highstand seems to be the most appropriate way of 
determining the Holocene sea-level changes in SE-Vietnam. This was followed by an 
accurate vertical reference to local tidal datum, respecting the morphological 
differences that influenced the tidal amplitude. 
2. Former sea-level positions are indicated by beachrocks, which presented periods of 
sea-level stability, before and after the highstand sea level. Due to the study of their 
geological features, their geochemistry and chronology as well as their precise vertical 
height, it was possible to identify the marine origin of all investigated beachrocks.     
3. Regarding beachridge, the decision to consider only its base as the maximum sea-level 
amplitude in the mid-Holocene proved to be correct.  
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4. The records of sea-level changes measured in SE-Vietnam were notably accurate. The 
maximum mid-Holocene spring tide was measured at 2.67 m, and the mean sea level 
at 1.52 m between 5687 and 5377 cal yr BP, assuming the same half-tidal range of 
1.15 m as today. Moreover, the Holocene sea-level fluctuations occurring in SE-
Vietnam indicate that tectonic movements did not take place during this time period.   
5. The geophysical model of “Oceanic Syphoning” can explain Holocene eustatic sea-
level history. However, the lack of more precise information about how the sea level 
in different regions of the equatorial strip was influenced impedes better knowledge 
about its variable amplitude throughout the equator. 
6. Scientific works about the coastal region of Vietnam concerning coastal evolution in 
connection with sea-level fluctuation are scarce. The main works deal with both delta 
plains, with the northern Song Hong Delta as well as with the southern Mekong Delta, 
which shows the necessity for more investigation of the coastal region. 
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5. Coastal paleoceanography during the mid-Holocene sea-level highstand on the SE-
Vietnam 
Abstract: 
Shallow coastal water temperatures in SE-Vietnam were evaluated for two different geological 
periods. In the mid-Holocene during sea-level highstand paleotemperature was reconstructed at 5605 - 
5470 cal yr BP. The temperature indices were calculated by δ18OPDB‰ from carbonate material 
sampled from the fossil shell Spondylus sp collected from the beachridge deposit near Ca Na in 
southeast Vietnam, which was identified as an indicator of sea-level highstand on the SE-Vietnamese 
coast. 
Modern water temperature was taken from NOAA in the Climate Diagnostic Centre and linked with 
δ
18OPDB‰ from sclerochronologic growth of shells sampled in the coastal area of Nha Trang. The 
isotope indices were analysed of two specimens of Meretrix lyrata collected in a mixed environment 
and of one specimen of Meretrix lusoria sampled under the low tide line. 
Due to the isotope variability identified in modern shells combined with the seasonal climatic variation 
in the locality where the shells grow, it becomes possible to identify the seasonal isotope variation 
conditioned by hydrological agents such as precipitation and evaporation. This gives way to calculate 
the salinity values that change by runoff freshwater and by rates of evaporation and precipitation. The 
salinity results confirmed a mixed environment in Meretrix lyrata specimens characterized by 
freshwater intrusion, where Meretrix lusoria was characterized by coastal sea water and a high 
evaporation rate. 
Modern water temperatures were taken from two different positions because of coastal upwelling near 
of the southeastern coast. They were compared with the paleotemperature signal of δ18OPDB‰ from 
Spondylus sp. The comparison showed that during summertime water temperature was approx. 1° C 
warmer in the mid-Holocene than today.     
This warmer paleotemperature found in shallow water on the SE-Vietnamese coast during the mid-
Holocene could be responsible for the great coral mortality in this period. This hypothesis is supported 
by the composition of beachridge which consists mainly of bioclastic detritus from marine organisms. 
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The higher temperatures during summer season are associated with the high light incidence in mid-
Holocene times which was provoked by orbital changes.    
5.1. Introduction 
Stratigraphy studies on the Holocene (11,500 cal yr BP to the present) identified climatic 
cycles in many different places through the evaluation of proxies such as alkenone and 
oxygen isotope. The changes in climate occurred at intervals of approximately 2800-2000 and 
1500 yr (Allen & Anderson, 1993; Bond et al., 2001; Mayewski et al., 1997; Noren, 2002; 
Stager et al., 1997; Stuiver and Braziunas, 1993; Denton & Karlén, 1973). These changes 
were induced by several forces such as volcanic aerosols, greenhouse gases and insolation 
variability.  
The discoveries have related these rapid climate changes to the above mentioned natural 
effects. However, climate changes are mainly controlled by the orbital variation of the earth 
and the uneven solar variability (e.g.; Mayewski et al., 2004) of regular intervals at distinct 
times (Bush, 2005). 
These rapid climate changes in the Holocene induced the variation of air-surface temperature. 
The same happened with water temperature: studies show that during the Holocene ocean 
temperature varied roughly with surface air temperature (Kim et al., 2004).  
The different oceans had their particular water temperature indices. There was no 
synchronization during the investigated period over the last 7 kyr. There were regions of 
cooling water temperatures, whereas in other regions water temperatures increased (Kim et 
al., 2004). The absence of synchronization is a characteristic of rapid climate changes 
(Mayewski et al., 2004). 
Apart from rapid climate change events, the Holocene is characterized by a long-term 
warming identified as the Holocene thermal Maximum, which occurred between 10,000 y BP 
to 5 kys BP. (Bush, 2001; Lorenz et al. 2006).                
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The Holocene climatic variability along the coast in Vietnam has not been much investigated. 
Most paleoclimatological studies evaluated South Asian and West Pacific tropical areas. 
These studies contain reconstructions of the paleoclimatic conditions during the Pleistocene 
and the Holocene, investigating mainly the monsoon regimes basically with regard to water 
circulation and paleohydrology in the South China Sea (e.g. Gong et al., 2005; Bush, 2001; 
Yafeng et al., 1993; Wang & Wang, 1990 and Wang & Sarnthein, 1999).  
Paleoclimatological characteristics were recently investigated in the Song Hong (Red River) 
Delta of North Vietnam through sediment-core samples (Li et al., 2006a; 2006b). The 
paleoclimatic reconstructions are based on vegetation patterns from palynological records 
covering the last deglaciation throughout the Holocene until modern times. Results showed 
the variability between cold/wet and warm/dry periods. 
During the Holocene, sea surface temperatures (SST) in the South China Sea were higher than 
the present annual temperatures (Rosenthal et al. 2003). The SST has been increased by 1.09° 
C over the last 7 kyr until today (Kim et al., 2004). Moreover, Jia et al. (2006) recorded 
temperature data similar to the modern annual temperature. 
Information on paleotemperature in the present Vietnamese scenery is only available far from 
the Vietnamese coast, and unfortunately it shows several different values and only scarce 
results about shallow-water SST. Thus, the objective of this study is to compare the 
paleotemperature and the present temperature of shallow water in the coastal area of southeast 
Vietnam during two different periods between the mid-Holocene and modern times. The 
understanding of the climatic variability in the mid-Holocene is important in order to identify 
the effects of water temperature during the sea-level highstand in this period - see chapter 4. 
Water paleotemperature will be reconstructed in the present study for the sea-level highstand 
at about 5605 - 5470 cal yr BP lasting from 5687 to 4850 cal yr BP in the mid-Holocene, and 
the results will be compared with present water-temperature records. Finally, the time 
indicated as sea-level highstand was presented as a period in which a rapid climate change 
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occurred (Mayewski et al. 2004), but concerning Vietnam no climatological information is 
available for this time (Li et al. 2006a; 2006b). 
5.1.1 Bivalve shells        
Studies using mollusc bivalves to reconstruct water temperature were done by Epstein & 
Mayeda (1953) with a revision in Epstein et al. (1953). Their works showed that the 
biomineralization process occurs in interaction with the water characteristics where the 
bivalves grow.  
Hydrological conditions are archived in shells because mollusc bivalves build its skeletons in 
a distinct periodic accretion from the mantle-mediated to the shell margin, addicting CaCO3. 
Periodic accretions characterize distinct growth patterns identified as “growth increments” 
(Clark, 1975; Jones, 1980; Schöne et al. 2002).  
The variation of growth increments is strongly influenced by environmental factors such as 
the annual seasonal changes (e.g. Jones et al., 1989; Witbaard et al., 1994; Schöne et al., 
2003), which stimulate the production of interval increments such as growth lines, with 
microscopic growth lines and macroscopic growth bands having approximately equal duration 
(Hall et al., 1974). Studies about these features are widely known as sclerochronology. 
The interaction between environment and bivalve growth produces increments in a rhythmical 
pattern that during their secretion also bring forth biogeochemical elements over the whole 
life time of the mollusc (e.g. Elliot et al., 2003; Carré et al., 2005; Jones et al., 2005). The 
signature of these biogeochemical elements, assimilated during the formation of shell, 
contains rates of δ18O, a proxy used to exhibit hydrological parameters such as temperature 
and salinity. 
Apart from δ18O, δ13C proxy was analysed, which is a stable isotope with the signature of the 
dissolved inorganic carbon (DIC) in seawater (e.g. Mook & Vogel, 1968). It provides 
information about salinity, anthropogenic carbon and productivity. However, works with δ13C 
have shown incorporation of the metabolic CO2 respiratory process (e.g. McConnaughey, 
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1989 a, 1989b; Klein et al., 1996; McConnaughey et al., 1997; Lorrain et al., 2004; Gillikin et 
al., 2005).  
The available δ18O assimilated by mollusc shell with its fractionation into biogenic carbonate 
reflects a combination of both, temperature and oxygen isotope composition of water (δ18Ow) 
(Epstein et al., 1953). Furthermore, the δ18Ow rate is highly linked to changes in salinity, 
reflecting local evaporation/precipitation and river runoff (e.g. Ingram et al., 1996). Thus, as 
was demonstrated by Epstein et al. (1953), Grossman & Ku (1986) and Böhm et al. (2000), 
δ
18O values were used to calculate sea-water temperature. 
The biogenic carbonate δ18OPDB‰, measured in bivalves, turned out to be an excellent 
instrument to understand temperatures variability in coastal and estuary regions (Gillikin, et 
al. (2005), because coastal areas are influenced by very different hydrographical factors such 
as gradients of salinity, temperature and productivity. This information is assimilated during 
the bivalves` continuous increment with high precision (Schöne et al., 2004). As a 
consequence, they are ideal for regions with rapid and great range of temperature and salinity.   
5.2. Material and Methods 
5.2.1. Working area 
The working area is situated at the southeast coast of Vietnam between 11° 15` and 12° 17` N 
and of 108° 45` and 109° 15` E (Fig. 5.1). The fossil shell material was localized in Ca Na 
Town. In addition, the modern shells were collected from the beach in the region of Nha 
Trang Town, respectively approx. 200 km and 330 km east-northeast of Ho Chi Min City 
(Saigon).  
The coastal zone of Nha Trang is characterized by a shallow embayment of 30 m of 
maximum water depth, which is open to the east. There is freshwater inflow by the discharge 
of the Cai River. The river is 75 km long at an altitude of 1475 m drains an area of approx. 
2000 km2. The input of freshwater to the Nha Trang Bay during the dry season is 5.6 m3 s-1 
and 78.1 m3 s-1 during the wet season on average. The tide in the Nha Trang Bay is 
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characterized by a diurnal tidal regime with a tidal range of 1.7 m during high tide. The 
average precipitation in Nha Trang is 1359 mm yr-1, with the maximum rainfall reaching 400 
mm per month from September to December during the wet season. The maximum dry season 
occurs from February to May.  
Hydrological conditions on the SE-Vietnamese coast were investigated by Rojana-anawat et 
al. (2000). In the Nha Trang region the SST is 28° C; in direction to the Mekong Delta the 
SST increases up to 29° C. Salinity is reduced to 31.5 – 32.0 psu due to the input of 
freshwater from the Mekong; near Nha Trang the grade of salinity rises to 33.5 and 34 psu. 
Furthermore, Tang et al. (2004) and Ho et al. (2000) proved evidence of coastal upwelling 
from 11° to 15° N westward to 110° E during the southwesterly monsoon winds. 
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Fig. 5.1. Sample positions of shells collected in the working area between Ca Na and Nha Thang. Spondylus sp 
on the Ca Na coast and M. lusoria and M. lyrata C and D in the Nha Trang Bay. 
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5.2.2. Bivalve characterisation   
The fossils were sampled from the beachridge deposit in Ca Na formed during the mid-
Holocene sea-level highstand on the southeast Vietnamese coast in the time interval from 
5687 to 4860 cal yr BP. This deposit in southeast Vietnam was found between 2.67 and 3.57 
m (in Chapter 4) above the present mean sea level. The beachridge is composed of coral and 
shell skeletons.  
Only well preserved shells specimens that did not show any significant signal of reworking 
were chosen for stable-isotope analyses. Thus, a specimen of the bivalve Spondylus sp was 
selected to take the carbonate powder from. The sample of Spondylus sp is identified as 
Vn11110306 collected on the beachridge top at the position of 11° 19,796` N and 108° 
50,498` E, 4.95 km south-westward from Ca Na (Fig. 5.1). The observation of the fossil 
Spondylus sp belongs to the family Spondylidae. The living specimens of this family are 
mainly found in shallow water below low tide. The Spondylus sp preserved its original 
mineralogy with 100 % of aragonite. Further SEM observations showed cross-lamellar forms 
confirming aragonite which formed this specimen (Fig. 5.2c). The 14C dating of this shell 
yielded an age of 5605 - 5470 cal yr BP.  
Modern shells were sampled in Nha Trang Town. Two shells, sampled alive in the north of 
Nha Trang in the mouth of the Cai River, were identified as two specimens of Meretrix lyrata. 
The third shell, also collected alive at the extension of the Nha Trang Bay northward to the 
Mui Cay Ga region, was identified as Meretrix lusoria (Fig. 5.1). All samples were caught 
alive by a fisherman, bought on 12th of April 2005 and killed afterwards. The classification of 
fossil and modern shells was accomplished by Bui Quang Nghi, working as a scientist at the 
Nha Trang Oceanography Institute in Vietnam. The biological characteristics of each shell 
such as their behaviour and environment of growth are described in Kira (1965).   
The M. lusoria (Roeding, 1798) belongs to the family of Veneridae an economically very 
important species. The species has symmetric triangular ovate valves. Their surface is covered 
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with a thin smooth and polished periostracum and is to colored white to chestnut-brown, 
usually with broad radial rays. They live in sandy bottoms in subtidal environments of about 
10 m of waterdepth. 
The M. lyrata (Sowerby, 1851) is characterized by solid and heavy symmetric valves of ovate 
shape, rounded interiorly and narrowing towards the posterior end. The surface shows 
concentric undulated growth. The species lives in shallow water below low tide. 
After the shells had been investigated with regard to their mineralogical as well as their 
external shape, the method of carbonate extraction was applied. Transversal slices of the 
shells were sectioned, along their maximum growth axis using a low speed saw, starting on 
the umbo up to the rim. From each shell a slice was cut of approx. 1 cm thickness. Four slices 
were glued in sequence onto a millimetre-scale aluminium plate, for observations under the 
binocular.  
The shells were put under a magnifying glass coupled to a drilling machine, and manually 
drilled along the umbo in direction to the rim, using a micro drill of 200 µm diameter. 
Followed a standard procedure described by e.g. Erlenkeuser & Wefer (1981); Jones et al. 
(1983); Krantz et al. (1987); and Mueller-Lupp et al. (2004).  
The transect drill was extended along the growth axis under 0.5 mm from the shell surface to 
avoid contaminated material of the surface. The series of the holes had a spatial distance of ~ 
1 mm between each hole. Where the growth increments were closer to each other, the spatial 
distance between each hole changed to ~ 0.5 mm (Fig. 5.2a).    
Along the drilling profile, no growth increments were observed in Spondylus sp due to its low 
condition of preservation. In consequence, its profile sample displayed a spatial distance of 1 
mm to the middle of the valve after passing to 0.5 mm. 135 powder samples were drilled 
along a profile of 110 mm length on Spondylus sp valve. The first 85 samples had a distance 
of 1 mm between each hole, whereas the last 50 samples had distances of 0.5 mm in between 
(Fig. 5.2b). 
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The slice of the M. lusoria valve, measuring 66.5 mm in length from the umbo to the rim, was 
drilled by 70 powder samples. The spatial distance for the first 41 holes was 1 mm, while the 
last 31 were drilled each 0.5 mm. 
The M. lyrata “C” reached 53 mm in length from the umbo to the rim. The 52 collected 
samples were drilled, leaving space of 1 mm between each one. 
The M. lyrata “D” reached 40 mm in length from the umbo to the rim and was drilled with 51 
samples, with a spatial distance of 1 mm between the first 29 samples and 0.5 mm between 
the last 22 samples. 
The distance between the holes revealed that the monthly grown shell contained calcium 
carbonate increment corresponding to 1 mm. However, in the direction of the shell rim the 
sampling distance was changed, as there was a very small distance between the growing rings.  
5.2.3. Temperature estimation  
The sampled powders were measured by fractionation of oxygen and carbon isotopes. The 
analyses were carried out by gas mass spectrometer in the Leibniz Laboratory in Kiel - 
isotopic device, Kiel University - sea chapter 2.    
The background of δ18O indicates that its fractionation provides important clues to the 
environmental conditions during shell formation. The isotopic composition in bivalves 
depends on two oceanographic conditions: δ18O in seawater and the temperature of the 
environment where the animals live. In the coastal region the δ18O of seawater (δ18OW) 
changes its values due to precipitation/evaporation events as well as freshwater input by 
rivers, being agents that interfere with salinity concentration. 
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Fig. 5.2. Cutting and drilling of investigated shells. “A” presents the transverse section and the profile in M. 
lusoria with distances between the holes. “B” shows the profile of the fossil shell Spondylus sp. “C” is a picture 
of SEM, showing the cross-lamellar structure of aragonite.               
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In consequence, before calculating values of temperatures from δ18OPDB‰, the variation of 
δ
18Ow linked with salinity should be known (e.g. Hong et al., 1995; Klein et al., 1996; Ingram 
et al., 1996; Auclair et al., 2003; Jones et al. 2005; Gillikin et al., 2005). In order to 
understand the relationship between salinity and δ18Ow, it is important to calculate 
temperatures by δ18OPDB‰, especially for studies in coastal regions. This method is a very 
suitable model to obtain δ18OPDB‰ temperature from bivalves, when no samples regarding 
daily growth increments are available.  
According to Grossman and Ku`s (1986) the relationship between the temperatures and 
δ
18OPDB‰ can be expressed by below given equation (01). The water-temperature values 
derived from this equation are corrected to the SMOW (Standard Mean Ocean Water) scale,  
 
Tδ18O (°C) = 21.8 - 4.69*(δ18OPDB‰ - (δ18Ow‰ - 0.2 ‰))                                            (Equa.01) 
 
where δ18OPDB‰ is related to the PDB ‰ measured from the aragonite constitution of shell 
and where δ18OW is measured relative to δ18O in water. Thus, it is assumed that the δ18Ow is 
constant and that each shift of 1‰ in 18OPDB‰ reflects a temperature change of the ambient 
seawater of 4.69° C.  
5.3. Vital effect  
As has been demonstrated, shell building minerals secreted in a quantity of taxa (mainly 
molluscs) show that the composition of oxygen isotope reflect in part the temperature of the 
water in which the mollusc lives. However, the signals of the biogenic mineral are in 
particular related to biological processes influenced by the environmental conditions. These 
results are known as “physiological effect” or are also called “vital effect” (Weiner and Dove, 
2003). Additionally, according to Epstein et al. (1951) the those taxonomic groups, in which 
not all biogenic minerals are deposited in equilibrium with the environment, are represented 
by echinoderms, corals and plants as coralline algae. 
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With the increase of studies to reconstruction paleoenvironmental conditions from the isotope 
records embedded in skeletons, scientists have observed the necessity to obtain more 
knowledge about the “vital effect”. Studies on the “vital effect” were intensified and 
consequently divided in two categories known as kinetic effect and taxonomic effect.       
- Kinetic effect: investigates the isotopic disequilibrium deposited in biogenic mineral 
linked with the environment. This condition is induced by physical modification that 
alters the velocity of isotopic assimilation (e.g. McConnaughey, 1989 a, b; Ziveri et 
al., 2003; Zhou & Zheng, 2003).  
- Taxonomic effect: recognizes, which phyla, genera and species deposit their skeletal 
material in isotopic equilibrium with the environment (e.g. Urey et al. 1951; Craig, 
1953; Carpenter & Lohmann, 1995; Filippi, et al. 1997). 
5. 4. Results 
5.4.1. Oxygen and carbon isotopes 
Records of δ18OPDB‰ are very similar for specimens of M. lyrata “C” and M. lyrata “D”. The 
M. lyrata “C” obtained by statistic estimation a mean of -3.67 ‰ ± 0.5 (n=52), ranging from 
-5.17 to -2.51 ‰ (Tab. 5.1). These values are similar to the oxygen isotope found in the M. 
lyrata “D” that shows a mean of -3.43 ‰ ± 0.6 (n=51) from -5.59 to -2.35 ‰. In this 
connection, the similarity might be traced back to the fact that the samples were collected at 
the same place.   
The isotope values of M. lusoria have a mean of -2.49 ‰ ± 0.3 (n=70), ranging from -3.38 to 
-1.89 ‰. In this case, the shells show heavier isotope values compared with both species of 
lyrata. The δ18OPDB‰ of fossil Spondylus sp shows a mean of -1.58 ‰ ± 0.5 (n=135), ranging 
from -2.60 to -0.07 ‰ and presenting isotopic fractionation, which is heavier than that for 
modern shells.  
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Like the records of δ18OPDB‰, the results of δ13CPDB‰ were fairly similar for specimens of M. 
lyrata. The statistics for M. lyrata “C” yielded a mean of -1.65 ‰ ± 0.3 (n=52), 
corresponding to a range from -2.52 to -1.01 ‰.  
M. lyrata “D” showed a mean of -1.63 ‰ ± 0.4 (n=51), ranging from -3.46 to -0.62 ‰. The 
third examined shell, M. lusoria, presented a mean of 0.50 ‰ ± 0.3 within a range from -0.21 
‰ to 1.40 ‰. In this case, positive values were noted, in contrast to the other two shells that 
presented negative indices of isotope carbon. 
Analysing the results on the growing axis in fossil shell, isotope values more enriched than 
those demonstrated in the present shells were observed. Spondylus sp carbon records were 
ranging from 0.14 to 2.52 ‰ with a mean of 1.43 ‰ ± 0.4 (n=136) also having positive 
carbon values like in M. lusoria (Tab. 5.1).  
 
Table 5.1. The statistical results of δ18OPDB‰ (O) and δ13CPDB‰ (C) were analysed in species shells from 
Vietnam. 
 
The lighter values showed in both specimens of M. lyrata significant influence of freshwater, 
which confirms the fact that these specimens lived in an environment characterized by 
shallow marine water influenced by freshwater input. Thus, maximum values of δ18O reached 
-2.51 and -2.35 ‰, whereas in a normal marine environment the water values are higher -1.3 
‰ (Wang and Tsai, 1993; Wang et al. 1994). The equivalent is observed for δ13C with 
negative values in marine water environment (Tab. 5.1); where marine carbon-13 isotope is 
fractionated in mainly positive values.  
Shell Species Mean (‰) Min. Max. Range n 
M. lyrata “C” (O) -3.67 ±0.5 -5.17 -2.51 2.66 52 
M. lyrata “D” (O) -3.43 ±0.6 -5.59 -2.35 3.24 51 
M. lusoria (O) -2.49 ±0.3 -3.38 -1.89 1.49 70 
Spondylus sp (O) -1.58 ±0.5 -2.60 -0.07 2.53 135 
M. lyrata “C” (C) -1.65 ±0.3 -2.52 -1.01 1.51 52 
M. lyrata “D” (C) -1.63 ±0.4 -3.46 -0.62 2.84 51 
M. lusoria (C) 0.50±0.3 -0.21 1.40 1.61 70 
Spondylus sp (C) 1.43±0.4 0.14 2.52 2.38 135 
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The measured isotope values indicate a freshwater influence (Fig. 5.3). In fact the considering 
marine conditions influenced by freshwater from a river month of the northern of Nha Trang 
Bay is characterized by freshwater from the Cai River estuary.  
In M. lusoria the values of δ18O present a minimum equal to -3.38 ‰ and a maximum of -
1.89 ‰ (Tab. 5.1). This isotopic fractionation indicates the influence of freshwater and marine 
water, but on the cross-plot isotope values showed tendency towards marine influence (Fig. 
5.3). Also, M. Lusoria`s place of sampling showed no significant freshwater influence. 
Therefore, these lighter δ18O values might be linked with the seasonal hydrological conditions 















M.lyrata (C) - Cai River mouth.  
M.lyrata (D) - Cai River mouth
M.Lusoria - Extension of Nha Trang bay 
Spondylus sp - Sea-level indictor
Freshwater Increase.  
Freshwater Environment  
Marine Environment  
 
 
Fig. 5.3. Cross-plot δ13C vs.δ18O of mollusc shells from SE-Vietnam shows the distribution range from marine to 
freshwater fields of modern and fossil shells. 
 
The Spondylus sp shell indicates marine water signature in its isotopic values. The noted 
enrichment of δ18OPDB‰ at -1.58 ‰ on average showed that Spondylus sp lived only in marine 
environment, which is confirmed by δ13CPDB‰ values, indicating the complete absence of 
freshwater influence (Tab. 5.1). However, the cross-plot δ18O vs. δ13C reflects a tendency in 
Coastal paleoceanography during the mid-Holocene sea-level highstand on the SE-Vietnam               Chapter 05 
              98
Spondylus sp isotopes towards a lighter fraction (Fig. 5.3). This tendency goes along with a 
hydrological variation in shallow water controlled by precipitation and evaporation events 
during different seasonal periods (Israelson et al., 1994). A similar tendency was observed for 
M. Lusoria.  
5.4.2. Isotopic profiles  
The isotopic fractions along each growth axis of the shell were investigated for the evolution 
of the intra-shell isotopic behaviour accompanied by seasonal changes as well as for the 
probable growth time of shells (Fig. 5.4).  
a) Inter-annual δ18OPDB‰ 
Fractionations of δ18OPDB‰ from the carbonate increment of shells make it possible to 
recognize the local seasonal cycle (Williams et al., 1982; Jones et al., 1983; Krantz et al. 
1987). As already mentioned, the δ18OPDB‰ is correlated to the life time of shells, which is 
controlled by seasonal hydrological conditions such as temperature and δ18Ow seawater 
composition. Actually, lighter or more negative values of δ18O indicate warmer temperatures 
and heavier or more positive values are connected to colder temperatures (e.g. Krantz et al., 
1987; Marchitto et al., 2000; Müller-Lupp & Bauch, 2005). 
Knowing the variation of oxygen isotopes within the shells, the seasonal fluctuations could be 
determined. δ18OPDB‰ is basically categorized into lighter values for warm periods and 
heavier values for cold periods (Fig. 5.4). Following this standard, the spring-summer period 
in each shell before April 2005 was identified.  
The countdown of the δ18OPDB‰ profile from April 2005 in M. lyrata “C”, “D”, and M. 
lusoria demonstrated two or three periods of continuing lighter values. In detail, this means 
that the modern shell’s cycle is characterized by period S1 representing the first spring-
summer, period S2, showing the second spring-summer, and period S3, displaying the third 
spring-summer (Fig. 5.4).  
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The life cycles of M. lyrata “C” and M. lusoria underwent three warm periods before April 
2005, indicated by S1 for 2002, by S2 for 2003 and by S3 for 2004, alternating with heavier 
values of δ18O that represented a colder seasons in between. In M. lyrata “D” only two 
periods of lighter δ18O values could be identified pointing to warmer periods. As a result, M. 
lyrata “D”  experience the first warmer period in 2003, as shown in S1, and the second 
warmer period in 2004, as demonstrated in S1 (Fig. 5.4).  
The variability of oxygen isotopes in Spondylus sp profiles showed five periods with lighter 
values, identifying roughly warmer periods (Fig. 5.4). Isotope values in Spondylus sp were 
analyzed from 36 to 104 mm of the shell, because this interval exhibited a clear series of 
different seasons (Fig. 5.4). Moreover, identifying the great amplitudes in oxygen-isotope 
values, suggested that the animal had a free-swimming life in very shallow waters, an 
environment that favoured an immense variability of δ18O due to the changes in precipitation 
and evaporation. 
b) Inter-annual δ13C 
According to definition, the δ13CPDB‰ formed in marine water stays in isotopic equilibrium 
with the atmosphere in values between 0 and 4 ‰. Negative values are typically found in 
coastal and in estuarine areas where the water surface is influenced by the recycling of 
carbonate from organic matter and by dissolved carbonate of terrestrial origin (Mook & 
Vogel, 1968; Israelson et al., 1994). 
The total dissolved inorganic carbon (DIC) of the water is controlled primarily, by 
bicarbonate which is influenced by metabolic phytoplankton which can enhance or deplete of 
the δ13C (Krantz et al., 1987, 1988). Consequently, interpretation of environment or even 
interaction of temperature with δ13C is considered to be very difficult (e.g. Tanaka et al., 
1986; Romanek et al., 1992, McConnaughey et al., 1997; Lorrain et al., 2004).         
Values depleted in δ13C, in both M. lyrata are linked with a freshwater intrusion into the 
marine system, inducing change in salinity (Erlenkeuser, 1995). In addition, depleted δ13C 
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hints also to another process in coastal areas which is induced by the recycling of organic 
matter and the oxidation of phytoplankton that decreases dissolved inorganic carbonate in 
water. In contrast to this enriched values of δ13C were found in M. Lusoria, being probably 
values in equilibrium with marine water, which is also true for enriched Spondylus sp values 
(Fig. 5.4).  
Contrary to δ18O, the variation of δ13C in the present shells is more homogeneous for M. 
lusoria than for both M. lyrata (Tab. 5.1). The similar fluctuation of δ13C in M. lusoria as well 
as in fossil Spondylus sp may be associated with the variation of salinity during the annual 
season in shallow coastal water.  
Furthermore, an interesting drop of the δ13C profile was observed, showing a trend away from 
the umbo - see M. lusoria and M. lyrata “C” (Fig. 5.4). Normally, this drop is explained by 
the ontogenetic effect. It is categorized as a physical change related to the transformation from 
a fast-growing juvenile stage to a slower-growing adult stage in which metabolic energy is 
primarily diverted to gametogenesis which is manifested in light shell δ13C values. This 
mechanism involves a shift to lighter δ13C values by the inclusion of more metabolically 
derived CO2 into the bicarbonate pool used in calcification (Krantz et al., 1987; Wefer & 
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Fig. 5.4. Stable isotope profiles measured on the shells. Grey areas are the light δ18O values, represented by S1, 
S2 and S3 in modern shells and Y1 to Y5 in fossil shell.              
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5.4.3. Calibration of δ18OPDB‰ by precipitation and temperature  
The oxygen isotope record in shells showed seasonal variation, which confirmed their 
potential as archives of temperature records. Therefore, the fractionation values of oxygen 
isotope are connected with the seasonal variability of the growing place. However, in order to 
identify the variability of δ18OPDB‰ within the system and the local water temperature it is 
necessary to accomplish a calibration between the two agents.  
The calibration was elaborated using records of precipitation and SST of the north of the Nha 
Trang coast at the latitude 12° 24` N and between 108° 48` and 110° 36`E longitude. The 
monthly climatological records were connected to δ18OPDB‰ values in the shell profiles, which 
revealed a seasonal variation during their lifetime as regards the time span from April of 2005 
(the date of collection) until July 2002. 
The indices of precipitation and SST were provided by the NOAA Climate Diagnostics 
Centre in the Earth System Research Laboratory (ESRL), a section of the Physical Sciences 
Division in (http://www.cdc.noaa.gov/cgi-bin/Timeseries/). The data set contains the monthly 
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Fig. 5.5. Precipitation and temperature values from the Nha Trang coast from August 2001 to August 2005, used 
to calibrate δ18OPDB‰ fractions from shells.     
 
It was not possible to establish a correlation between δ18OPDB‰ fractions and temperature 
because when comparing seasonal temperature and precipitation with variation of δ18OPDB‰, 
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it was noticeable that many light peaks in δ18OPDB‰ were related to high rainfall rates (Fig. 
5.6). The δ18OPDB‰ related to rainfall in the region of the Nha Trang coast is well connected 
with the growth of the rhythms of shells; thereby the lighter oxygen isotopes in modern shells 
provide evidence of the increase of rainfall during warm temperatures in spring-summer 
seasons.  
Concerning fig. 5.6, the correlation between precipitation and δ18OPDB‰ from each shell is 
accomplished. The growth-rhythms of the examined shells are strongly connected with local 
precipitation, creating a direct connection between the rainfall peaks and δ18OPDB‰ peaks 
measured in shells. The calibration shows a connection between the original extreme values 
of rainfall and a corresponding point for δ18OPDB‰.  
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Fig. 5.6. Calibration between shell profiles of δ18OPDB‰ with precipitation data from the Nha Trang Bay. The 
upper graph shows the precipitation variability from October 2001 to August 2005 with warm periods (WP), 
provided by NOAA/CIRRES; the points represent monthly average. The lower graphs contain δ18OPDB‰ from 
modern shells. The exact months are directly linked with δ18OPDB‰, while those that represent the probable 
months are indicated by dashed lines.                    
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Through the connection of rainfall values with δ18OPDB‰ the indices of water temperature 
could be determined, because for each month of rainfall records there was a corresponding 
temperature value (Fig. 5.5). On the basis of these water temperatures linked to each 
δ
18OPDB‰, it was possible to calculate the scale of SMOW ‰. Furthermore, the water-
temperature indices that were not directly related to δ18OPDB‰, values were extrapolated 
between two known temperature indices.  
5.4.4. SMOW ‰ estimation 
For calculating the δ18Ow scale, the paleotemperature equation (Equa. 1) was applied; the 
values of δ18Ow were calculated by an inversion of equation 1, using the known SST 
calibrated with δ18OPDB‰ (Equa. 2), 
 
δ
18Ow = - (((T °C - 21, 8)/-4, 69) - δ18O PDB‰)                                                             Equa. 2                                                        
 
apart from the δ18Ow scale in shells, the hydrological balance between freshwater and seawater 
was identified, as well as determination of the salinity variations in the environment, where 
the modern shells lived (Tab. 5.2). The salinity was estimated using a simple mass balance 
equation based on theoretical marine water (34.5 psu = 0.3 ‰) and freshwater (0 psu = - 9 ‰) 
endmembers. 
Previous values of δ18Ow were measured in four water samples taken outside Nha Trang Bay 
at 12° 15.950` N and 109° 16.200` E during the FS-Sonne cruise 187-3 on 25th of April, 2006. 
Water samples from in 1 and 2 m depth yielded -0.06 ‰ vs. SMOW ‰ on average with a 
salinity of 33.6 psu. This is very similar to SMOW ‰ already analysed April 1999 in 
subsurface waters of South China Sea with -0.05 ‰ and a salinity of 33.3 psu (Lin, 1999).        
After the temperatures in δ18OPBD‰ in calcium carbonate had been determined, it was 
necessary to bring these water-temperature records into line with the seasonal variation. 
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Owing to the lifetime of modern shells, there is no sclerochronological development agreeing 
with the seasonal period.  
Greater increments of carbonate material are growing in spring-summer seasons, smaller 
increments occur in autumn-winter seasons. Thus, the shells` growth was normalized to 
calendar months with the basis of seasonal SST (Fig. 5.7).  



























Fig. 5.7. Monthly variation of SST from January 2002 to June 2005 with the respective temperature δ18OPDB‰ of 
shells; the normalization of points measured in the shell to calendar months is required to equalize the seasonal 
temperature variation with the shell` growth. 
 
The normalized profile available in M. lusoria presents δ18Ow indices ranging from -0.89 ‰ 
to -2.14 ‰ and indicating temperature values between 23.9 and 28.4° C with 26.4° C on 
average. Salinity records calculated from δ18Ow range between 25.1 psu and 30.1 psu with 
28.2 psu on average. The not normalized salinity dates measured in M. lusoria are linked with 
δ
18OPDB‰ records in form of a linear regression in R2 = 0.505 (n= 64) (Fig. 5.8) 
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Fig. 5.8. Linear regressions between salinity values and δ18O PDB ‰ measured in modern shells.    
 
The indices of salinity calculated from δ18Ow yielded higher values indicating high salinity in 
winter months than in summer months, indicating more precipitation rates. Linear regression 
between salinity rates and δ18OPDB‰ shows low relationship, being an indicator of evaporation 
events caused by the absence of freshwater input, which characterises the place where the M. 
lusoria was found at. 
The M. lyrata “C” δ18OPDB‰ profile has δ18Ow  values ranging from -1.74 to -3.38 ‰ which 
are related to water temperature values ranging from 23.8 to 28.4° C with 26° C on average; 
salinity values show a range of 20.1 to 26.7 psu with a mean of 23.9 psu (Tab. 5.2). The 
relationship between salinity dates and δ18OPDB‰ can be calculated by linear regression with 
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R2 = 0.776 (n=44), indicting that salinity variation is linked to the different periods of 
precipitation, in which the CaCO3 precipitated in M. lyrata “C” was influenced by freshwater 
input from the Cai River. In summer, with the increasing rainfall rate, water becomes lighter 
in δ18Ow due to the decreasing salinity concentration (Tab. 5.2).    
The indices of water temperatures in M. lyrata “D” range from 23.6 to 28° C with a mean of 
26.4° C. From these values a profile of SMOW ‰ ranging from -1.52 to -4.24 ‰ was 
calculated. The salinity concentration varies widely with indices from 16.6 to 27.6 psu with 
24.9 psu on average. The relationship between salinity and δ18OPDB‰ revealed R2 = 0,895 
(n=44), which is in accordance with the seasonal standard of rainfall rates, showing periods 
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Month  Distance from 









SMOW  ‰ Salinity 
[psu] 
M. lusoria       
July (2002) 6 -2.69 1.25 28.4 -1.07 29.4 
August  9 -2.96 0.18 26.9 -1.67 26.9 
September 11 -2.51 0.37 26.3 -1.35 28.2 
October  12 -3.05 0.14 25.7 -2.01 25.6 
November 13 -2.35 0.33 25.5 -1.34 28.3 
December  14 -2.13 0.36 25.1 -1.21 28.8 
January (2003) 18 -1.99 0.37 24.7 -1.16 29.0 
February  20 -2.04 0.48 25.7 -1.00 29.7 
March 22 -2.33 0.51 26.9 -1.02 29.5 
April 27 -2.51 0.32 28.0 -0.98 29.7 
May 35 -2.57 0.69 27.8 -0.89 30.1 
June  38 -3.04 0.29 27.5 -1.62 27.2 
July 39 -2.93 0.40 28.1 -1.59 27.3 
August 40 -3.05 0.29 27.9 -1.64 27.1 
September 41 -3.38 0.12 27.6 -2.14 25.1 
October 41.5 -2.38 0.41 26.2 -1.43 27.9 
November * 
December 42 -1.89 0.65 24.7 -1.29 28.5 
January (2004) 43 -2.17 0.66 24.5 -1.39 28.1 
February 44 -2.12 0.76 25.2 -1.19 29.9 
March 44.5 -2.30 0.45 26.8 -1.02 29.6 
April 47.5 -2.49 0.70 27.8 -0.99 29.7 
May 49.5 -2.70 0.38 27.7 -1.22 28.7 
June  51.5 -2.44 0.39 27.4 -1.03 29.5 
July 52 -3.22 0.25 26.7 -1.87 26.1 
August 52.5 -3.07 0.31 26.7 -1.83 26.3 
September * 
October 53 -2.33 0.41 25.5 -1.33 28.3 
November * 
December 54 -2.30 0.35 23.9 -1.65 27.0 
January (2005) 54.5 -2.81 -0.20 23.9 -2.15 26.4 
February  55 -2.09 0.31 25.5 -1.09 29.3 
March * 
April 55.5 -2.63 0.20 27.6 -1.19 28.9 
 
M. lyrata „C“       
July (2002) 8 -4.10 -1.72 28.4 -2.48 23.7 
August  10 -4.45 -1.77 26.9 -3.24 20.6 
September 11 -4.09 -1.24 26.5 -2.88 22.1 
October  13 -4.32 -1.72 25.6 -3.30 20.4 
November 14 -3.96 -1.69 25.3 -3.01 21.6 
December  15 -3.21 -1.62 25.1 -2.29 24.4 
January (2003) 16 -2.93 -1.66 24.3 -2.18 24.9 
February  18 -2.86 -1.36 25.8 -1.77 26.6 
March 19 -3.19 -1.11 27.0 -1.87 26.1 
April 20 -3.50 -1.80 28.0 -1.96 25.8 
May 23 -3.61 -1.67 27.8 -2.12 25.2 
June  24 -4.04 -1.35 27.7 -2.57 23.3 
July 25 -3.96 -1.42 27.1 -2.62 23.1 
August 26 -4.79 -2.13 27.4 -3.38 20.1 
September 28 -4.50 -1.75 26.2 -3.36 20.2 
October 29 -3.52 -1.38 25.1 -2.60 23.2 
November 30 -3.37 -1.81 24.2 -2.65 23.0 
December 32 -3.14 -1.84 23.8 -2.51 23.6 
January (2004) 34 -3.36 -1.89 24.3 -2.61 23.2 
February  35 -3.31 -1.65 24.6 -2.50 23.6 
March 36 -3.41 -2.29 26.3 -2.23 24.7 
April 37 -3.95 -1.70 27.8 -2.46 23.8 
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May 41 -4.04 -1.58 27.7 -2.57 23.3 
June  42 -3.95 -1.72 27.5 -2.52 24.6 
July 43 -4.54 -1.90 27.2 -2.18 20.9 
August 44 -3.65 -1.99 26.7 -2.40 24.0 
September 45 -2.98 -1.37 26.7 -1.74 26.7 
October 46 -3.20 -1.81 25.5 -2.20 24.8 
November 47 -2.66 -1.94 25.0 -1.76 26.6 
December 48 -2.51 -1.77 23.9 -1.86 26.2 
January (2005) 49 -2.76 -2.00 23.9 -2,10 25.6 
February 50 -3.06 -2.52 25.5 -2.05 25.5 
March 51 -2.91 -1.72 25.5 -1.91 26.1 
April 52 -3.62 -2.29 27.6 -2.18 25.0 
 
M. lyrata „D“       
April (2003) 8 -4.00 -1.85 28.0 -2.47 23.7 
May 10 -4.03 -1.76 27.8 -2.53 23.5 
June  15 -4.04 -1.83 27.5 -2.62 23.1 
July 16 -3.54 -1.46 27.1 -2.20 24.8 
August 17 -3.61 -2.00 27.4 -2.20 24.8 
September 18 -4.10 -1.66 26.6 -2.86 22.2 
October 19 -3.19 -0.75 26.3 -2.03 25.5 
November 20 -2.48 -1.01 25.3 -1.52 27.6 
December 21 -2.40 -0.74 23.6 -1.80 26.4 
January (2004) 22 -2.55 -0.88 24.2 -1.82 26.3 
February  24 -2.61 -1.01 25.0 -1.71 27.8 
March 32.5 -2.96 -1.36 27.1 -1.62 27.1 
April 33.5 -3.39 -1.91 27.8 -1.90 26.0 
May 34 -3.10 -2.37 27.8 -1.60 27.2 
June  38 -3.66 -1.94 27.4 -2.26 24.1 
July 38.5 -5.59 -3.46 27.2 -4.24 16.6 
August 39 -3.41 -1.70 26.7 -2.16 25.0 
September * 
October 39.5 -2.84 -1.45 25.5 -1.84 26.3 
November * 
December 40 -2.35 -1.77 23.9 -1.70 26.8 
* No information 
 
Table. 5.2. Shell profiles normalized to calendar months with monthly isotope values and water temperature of 
the Nha Trang region.      
 
The profile of δ18OPDB‰ for the mid-Holocene Spondylus sp 5537 ±55 cal yr BP is shown in 
Tab. 5.3. From a total of 139 powder samples collected from the shell, 87 samples were used 
to calculate the paleotemperature. 
The investigation of δ18O isotopic variation in the graph of Fig. 5.4, Spondylus sp revealed 
that isotope values are linked to hydrological conditions. This clear isotopic variation was 
observed mainly between 36 and 104 mm (Tab. 5.3) where periods of light and heavy values 
from -2.60 to -0.47 δ18OPDB‰ respectively were found.   
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Due to the large variability indicating seasonality, records of temperature were calculated 
using a scale of SMOW values because the isotope dates suggested a seasonal precipitation 
influx, although the clam had assimilated isotopes in marine conditions (Fig. 5.3). Through 
the equation 1 applied to estimate the paleotemperature by a δ18Ow scale ranging from 0 ‰, 
linked at - 0.47 PDB ‰ of Spondylus sp, to - 0.5 ‰ linked at - 2.60 PDB ‰, the results of 
water temperature were obtained ranging from 23.1 to 30.7° C with a mean of 27.5° C to 5605 
-  5470 cal yr BP.  
Furthermore, water temperatures were calculated on the basis of constant respective SMOW 
‰ values of 0 and - 0.5 ‰. These results showed a difference of 2.4° C water temperature, 











0 to -0.5 ‰ 
T° C from 0 
to - 0.5 ‰ 
T° C at 0 ‰  
δ
18Ow  
T° C at - 0.5 
‰ δ18Ow 
36 -1,60 0,32 -0.22 27.3 28.4 26.0 
37 -2,12 0,59 -0.38 29.0 30.8 28.5 
38 -1,91 0,67 -0.30 28.3 29.9 27.5 
39 -2,11 0,65 -0.36 29.0 30.7 28.4 
40 -1,55 0,66 -0.21 27.1 28.1 25.8 
41 -1,39 0,94 -0.15 26.6 27.4 25.0 
42 -2,12 0,84 -0.38 29.0 30.8 28.5 
43 -1,91 1,11 -0.31 28.7 29.8 27.5 
44 -1,68 1,23 -0.26 27.5 28.7 26.4 
45 -1,37 1,82 -0.14 26.6 27.3 25.0 
46 -0,94 2,09 -0.05 25.0 25.3 22.9 
47 -1,04 2,33 -0.07 25.4 25.7 23.4 
48 -0,99 2,33 -0.05 25.2 25.5 23.1 
49 -1,14 1,92 -0.10 25.7 26.2 23.9 
50 -1,93 1,84 -0.32 28.4 29.9 27.6 
51 -2,08 1,87 -0.35 28.9 30.6 28.3 
52 -1,94 1,91 -0.33 28.4 30.0 27.6 
53 -2,10 2,13 -0.36 29.0 30.7 28.4 
54 -1,69 1,78 -0.26 27.5 28.8 26.4 
55 -1,74 1,65 -0.27 27.8 29.0 26.7 
56 -1,81 1,47 -0.29 27.9 29.4 27.0 
57 -1,76 1,59 -0.27 27.8 29.1 26.8 
58 -1,78 1,42 -0.28 27.9 29.2 26.9 
59 -2,24 1,84 -0.45 29.4 31.4 29.0 
60 -2,17 1,75 -0.39 29.2 31,0 28.7 
61 -1,79 1,90 -0.29 27.9 29.3 26.9 
62 -1,61 1,72 -0.23 27.3 28.4 26.1 
63 -2.59 0.14 -0.49 30.7 33.0 30.7 
64 -1.65 1.14 -0.24 27.4 28.6 26.3 
65 -1.08 1,27 -0.08 25.5 25.9 23.6 
66 -0.69 2.01 -0.01 24.0 24.1 21.7 
67 -0.72 2.38 -0.02 24.1 24.2 21.9 
68 -1.23 1.77 -0.11 26.1 26.6 23.4 
69 -1.14 1.09 -0.09 25.7 26.2 23.9 
70 -1.53 1.17 -0.20 27.1 28.0 25.7 
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71 -1.41 1.58 -0.16 26.7 27.5 25.1 
72 -1.15 2.52 -0.10 25.8 26.3 23.9 
73 -1.01 2.16 -0.06 25.3 25.6 23.3 
74 -1.93 1.79 -0.32 28.4 29.9 27.6 
75 -1.52 1.85 -0.19 27.1 28.0 25.6 
76 -1.25 2.23 -0.12 26.1 26.7 24.4 
77 -1.24 2.09 -0.12 26.1 26.7 24.3 
78 -1.66 1.83 -0.24 27.5 28.6 26.3 
79 -1.92 1.88 -0.31 28.4 29.9 27.5 
80 -2.42 1.65 -0.47 30.0 32.2 29.9 
81 -2.33 1.56 -0.44 29.7 31.8 29.4 
82 -2.56 1.54 -0.48 30.6 32.9 30.5 
83 -2.24 1.75 -0.41 29.4 31.4 29.0 
84 -2.20 1.29 -0.40 29.3 31.2 28.9 
85 -0.66 1.09 -0.01 23.9 24.0 21.6 
85.5 -0.91 1.03 -0.04 24.9 25.1 22.8 
86 -1.29 1.57 -0.13 26.3 26.9 24.6 
86.5 -1.07 1.29 -0.07 25.5 25.9 23.5 
87 -1.52 1.69 -0.20 27.0 28.0 25.7 
87.5 -2.45 0.78 -0.47 30.1 32.3 30.0 
88 -2.37 1.06 -0.45 29.8 32.0 29.6 
88.5 -2.11 1.34 -0.34 29.0 30.8 28.4 
89 -2.07 1.55 -0.35 29.9 30.6 28.2 
89.5 -2.24 1.43 -0.41 29.4 31.4 29.0 
90 -2.27 1.38 -0.43 29.4 31.5 29.2 
90.5 -2.01 0.86 -0.34 28.7 30.3 28.0 
91 -1.58 1.31 -0.21 27.2 28.3 25.9 
91.5 -1.34 1.34 -0.14 26.5 27.1 24.8 
92 -0.74 1.51 -0.02 24.2 24.3 22.0 
92.5 -0.94 1.64 -0.04 25.1 25.3 22.9 
93 -0.77 1.61 -0.03 24.3 24.5 22.1 
93.5 -1.20 0.93 -0.11 26.0 26.5 24.2 
94 -1.48 1.03 -0.18 26.9 27.8 25.5 
94.5 -1.10 1.18 -0.08 25.6 26.0 23.7 
95 -1.52 1.02 -0.19 27.1 28.0 25.6 
95.5 -1.59 1.06 -0.22 27.2 23.8 26.0 
96 -2.46 1.34 -0.48 30.1 32.4 30.0 
96.5 -2.12 1.01 -0.37 29.0 30.8 28.4 
97 -2.41 1.35 -0.46 30.0 32.2 29.8 
97.5 -2.30 1.64 -0.44 29.5 31.6 29.3 
98 -2.22 1.73 -0.40 29.3 31.3 28.9 
98.5 -2.58 0.90 -0.49 30.6 32.9 30.6 
99 -2.00 0.93 -0.34 28.6 30.2 27.9 
99.5 -1.02 1.61 -0.06 25.3 25.6 23.3 
100 -0.85 1.01 -0.03 24.7 24.9 22.5 
100.5 -0.47 1.05 0.00 23.1 23.1 20.7 
101 -1.49 1.11 -0.18 26.9 27.8 25.5 
101.5 -1.67 1.23 -0.25 27.5 28.7 26.4 
102 -1.63 1.51 -0.23 27.4 28.5 26.2 
102.5 -1.45 1.59 -0.17 26.8 27,7 25.3 
103 -1.38 1.75 -0.52 26.6 27.3 25.0 
103.5  -2.24 1.74 -0.42 29.3 31.4 29.0 
104 -2.60 1.45 -0.50 30.7 33.1 30.7 
 
Table 5.3. Isotope profiles and temperature values were estimated from the fossil shell Spondylus sp 5537 ± 55 
cal yr BP.    
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5.5. Discussion 
5.5.1. Shell growth  
δ
18OPDB‰ measurements gave important information about the growth of modern shells in 
connection with the local environment, which show different hydrological conditions. The 
isotopic records in the shells demonstrate concordance between temperature and rainfall rates, 
where local seasonality was evaluated by δ18OPDB‰ precipitated in shell-carbonate (Fig. 5.6). 
In this way, distinct carbonate increments suggest that different seasons of the year provide 
the pattern of shell growth.  
Once a pattern of shell growth was accomplished, it was possible to demonstrate that a great 
increment of carbonate grew during spring and summer season. This great increment of 
carbonate is changed by cooler temperatures in autumn and winter and therefore decreases. 
Observations on the growing time in every clam identified maximum ages of 34 months.  
The M. lusoria lived 34 months, presenting a rate of ontogenic growth of 1.63 mm/month. 
However, during the spring-summer months of the second year, the growing rate increased to 
3.1 mm/month (Fig. 5.6), while during the warmer period of the third year, the growing rate 
decreased to 2 mm/month. In WP4, there is a lower rainfall rate than in WP3, which explains 
the lower growing rate of the shell during the last warm period. It should be mentioned that 
the growing rate observed in WP3 in M. lusoria corresponds to the observations of Wang and 
Peng (1990).   
The growing rate of M. lyrata “C” was evaluated at 1.52 mm/month after 34 months of life 
time with the last two similar warm periods archived in the shell (Fig. 5.6). In WP3 the shell 
had grown 1.33 mm/month, whereas in WP4 the growth was evaluated at 1.75 mm/month. 
The WP4 period shows that more carbonate was developed in four months time. Also, heavier 
isotopic values were caused by a lower rainfall rate.  
The growth of M. lyrata “D” was evaluated after 21 months of life time. It is characterized by 
a long interval with an increment rate of 1.90 mm/month, whereas the rate in WP3 and WP4 
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constitutes 2 mm/month and 4 mm/month respectively (Fig. 5.6). Additionally, its profile has 
a drilling series reaching back to December 2004 because further drilling was impossible 
because of the fact that the rim of the shell was broken.  
M. lyrata “C” and “D” do not show similar growth based on isotope records, although they 
lived in the same environment. In September of WP3 the isotope value in M. lyrata “C” is 
0.40 δ18OPDB‰ lighter than in M. lyrata “D” and in July of WP4 it is 1.05 δ18OPDB‰ lighter in 
M. lyrata “D” than in July in M. lyrata “C” (Table 5.2). As the shells grew in the same place, 
the isotopic difference may be due to physiological differences between specimens as 
described below.   
The recognition of the vital effect on the shells is necessary because of the different species of 
shells. It was tried to identify the difference of the growing rate expressed by isotopic 
fractions without taking into account hydrological conditions.  
Linear regression analysis between δ13C
 
vs. δ18O in order to observe the kinetic effect 
suggests, that Spondylus sp, M. lusoria and M. lyrata “C” have aragonite precipitates in 
equilibrium with the environment through the low correlation between δ13C
 
vs. δ18O 
(McConnaughey et al., 1997; McConnaughey, 1989a, 1989b; Carré et al., 2005). A marked 
difference is observed in M. lyrata “D” in the linear regression at R2= 0.44, showing a 
smooth equilibrium between carbonate and oxygen isotopes (Fig. 5.9). 
The different between species affirm the “vital effect”, shifting isotopic assimilation among 
the shells during the ontogenetic development (Buchardt, 1977). Due to the fact that a 
difference was only recognized in δ18OPDB‰ without their SMOW ‰ values, it can be 
ascertained as a result, that isotope precipitation among the shells represents a physiological 
variation of each specimen. 
Therefore, it was tried to observe the “vital effect” by the difference between each shell in 
δ
18OPDB‰ assimilated during the shell mineralization; after subtracted their respective amount 
of SMOW ‰ was ranging between -0.95 ‰ to -1.10 ‰, exhibiting a difference of 0.15 ‰ in 
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δ
18OPDB‰. This deviation could represent a variation of δ18OPDB‰ in different species of 
clams, but there is a difference between both M. lyrata sampled in the same environment. 
Moreover, in M. lyrata “D” a vital effect for the equilibrium between the isotopes, influenced 
by the kinetic effect, was already noted. Thereby, the probable factor ascribed to the vital 
effect is 0.1 ‰ δ18OPDB‰ found between M. lyrata “C” and M. lusoria, which grew in distinct 
environments. On the other hand, when it comes to the comparison with Spondylus sp the 
difference increases to 0.2 δ18OPDB‰, which might be linked to distinct temperatures between 




















Fig. 5.9. δ13C vs. δ18O values in linear regression from a series of shell samples used to evaluate the kinetic 
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5.5.2. Evaluation of modern temperatures and paleotemperatures   
Modern water temperature examined at the latitude of 12° 24` N was linked to the lifetime of 
recent shells and was afterwards normalized to monthly variation (Fig. 5.7). The water 
temperature presented an annual mean of 26.4° C, ranging from 23.7 to 28.5° C. Recent 
works on the modern coastal surface temperature in the studied region revealed values from 
24 to 30.3° C (Rojana-anawat et al., 2000), measured by a CTD taken at a maximal depth of 5 
m during April and May of 1999. In addition, Tang et al. (2004) provided a standard for 
winter-temperature at 25° C and summer-temperatures higher than 28° C.   
The results of the measurement of paleotemperature from the axial growth in the specie 
Spondylus sp showed that during sea-level highstand in the mid-Holocene the water-
temperature values ranged from 23.1° C (δ18Ow = 0 ‰) to 30.7° C (δ18Ow - 0.5 ‰) with an 
average of 27.5° C (Fig. 5.9). These temperature values for the mid-Holocene are very similar 
to the values that were found recently by Wei et al. (2007) in the coastal area of Sanya on 
Hainan, island localized in the northern South China Sea. They have reconstructed a 
temperature interval from 23.9 winter to 30.5° C summer with an average of 27.2° C, based in 
coral records during the period 6271 - 6175 cal yr BP. 
Comparing the values of modern water temperature and paleotemperatures (δ18Ow from 0 to -
0.5 ‰), their mean presents a difference by 1.2° C, with the mean of modern δ18OPDB‰ 
temperature being 26.3° C, whereas the mean of paleotemperature is 27.5° C. However, when 
values of modern water temperatures are plotted with paleotemperaturesδ18OPDB‰, a 
considerable difference within the evaluated period is observed. This applies mainly to 
summer season, because during the mid-Holocene the water temperature was warmer in 
summer than at the present time, in maximal 2.2° C, whereas the temperature in winter 
reached roughly 24° C in both periods (Fig. 5.10).  
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Fig. 5.10. The plot shows two profiles: in “a” the probable paleotemperatureδ18OPDB‰ records concern the 
distance on the shell from 36 to 104 mm with δ18Ow varying from 0 to 0.5 ‰ (continued line) and the values of 
temperatures just at 0 ‰ and - 0.5 ‰, showing the hydrologic balance between low and high precipitation rates 
respectively (dashed line). In “b” the temperature of modern shells is compared with paleo-water-temperature, 
calculated on smow from 0 to 0.5 ‰. 
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In order, to verify the difference between modern and paleotemperature during summer, 
arithmetic mean values in mid-Holocene and modern summer periods were compared. This 
procedure established a modern summer water temperature with a mean of 27.9° C and a 
paleo-summer-temperature with a mean reaching 29.7° C and several records rising above 30° 
C. The temperature difference amounts to 1.8° C, indicating that the mid-Holocene summer 
seasons were warmer than summer seasons of at present time.        
However, upwelling event only take place in summer in the studied area. This regional 
upwelling in SE-Vietnam is formed during the southwesterly monsoon between 11° and 15° 
N and west of 110° E (Fig. 5.11). 
Present shells sampling
Fossil shell sampling
ESRL water temperature 
at 12° 24`N





Fig. 5.11. “A” shows the SST of Feb. 1999; “B” shows the SST in the summer season of July 1999. Arrow 
indicates cold water upwelling from the coast towards the open ocean. The shell samples as well as the ESRL 
water temperature in 12° 24` N were collected in the area of upwelling, whereas the ESRL water temperature at 
10° 30` N is outside of the upwelling area. 
 
Therefore, the difference between the seasonal water temperature at 5605 - 5470 cal yr BP 
and the present time (Fig. 5.9) can be misinterpreted because the present water temperature in 
summer is influenced by cold upwelling water, which provokes the great temperature 
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difference between the two studied periods. Thus, another comparison with water-temperature 
records outside of the upwelling area, southward near the Mekong Delta with records at 10° 
30` N and 108° 48` to 110° 36` E is proposed. 
The comparison presented in Fig. 5.13 shows higher temperature outside of the upwelling 
area (Fig. 5.12). For this reason, the water-temperature indices from this region compared 
with the mid-Holocene temperature presented no significant difference on average. However, 
paleotemperature indices of summer seasons are approx. 1° C warmer than modern water 
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Fig. 5.12. The water-temperature records sought to ESRL are presented in two positions. The temperature at 10° 
30` N is warmer than at 12° 24` N, being a result linked to different isotherms.        
 
Consequently, all the results of the water temperature found between the studied periods, the 
assumption that the water temperature was 1° C warmer during summer periods in the mid-
Holocene to 5605 - 5470 cal yr BP became fairly realistic. Furthermore, the water temperature 
records indicate strong seasonality, defined as a greater difference between summer and 
winter periods, in mid-Holocene.  
Jones et al. (2005), who worked with oxygen isotopes from shells, suggest a higher 
seasonality for the northeastern coast of Florida during the mid-Holocene, which Hodell et al. 
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(1991) identified for the Caribbean region. Furthermore, Hodell et al. (1991) suggests a 
Holocene climate model with a high rate of evaporation and precipitation during each annual 
cycle. Normally, the increase of evaporation and precipitation rates is controlled by insolation 
that is manipulated by orbital forcing. As regards the Holocene, Hodell et al. (1991) describe 
a long-term insolation evoked by orbital changes, which might be the reason for the 
seasonality observed in the paleotemperatures on the southeast Vietnamese coast.  
This orbital forcing is generally controlled by precession and obliquity cycles, increasing the 
amplitude of season. Obliquity alters the season distribution of insolation so that the 
amplitude of the season cycles is enhanced. Precession became important during the early 
mid-Holocene because it placed perihelion in the boreal summertime. Furthermore, it is able 
to cause a shift in the occurrence of the maximum insolation throughout the years with the 
highest insolation in the equatorial regions (Bush, 2001; Bush, 2005; Lorenz et al., 2006). 
Additionally, this warm period has been identified as the Holocene Thermal Maximum. It 
started around 10,000 y BP and ended around 5000 y BP, when insolation declined towards 
the present (Haug, 2001). 
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Fig. 5.13. Comparison between water paleotemperatures (δ18Ow from 0 to -0.5 ‰) sampled in the dorsal position 
from 36 to 104 mm of Spondylus sp and water temperatures ERSL indices at the latitude of 10° 30` N from 
January 2000 to December 2006. The arrows show warmer temperature in summer than today. Colder water 
temperature during winter the mid-Holocene might be linked to the warmer isothermal at 10° 30` N.         
 
5.5.3. Paleotemperature implications 
The present water-temperature variation compared with the δ18OPDB‰ paleotemperature 
during the mid-Holocene showed a seasonal difference in summer of approx. 1° C. This 
seasonal difference can be observed in graph 5.13, with the warmer peaks being above the 30° 
C in almost all summers in the mid-Holocene. Thus, this value suggests that the shallow water 
temperature of the coast was warmer than the present water temperature.  
The warmer period indicated by the water temperature during the mid-Holocene for the 
southeast Vietnamese coast might be a part of the warmer period already described as the 
Holocene Thermal Maximum period (Hypsithermal). In this connection, effects of rapid 
climate changes could not be observed in this work. The Hypsithermal period is an episode, in 
which the magnitude of insolation increased by the orbital variation of the earth between 
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10,000 cal yrs BP and approx. 5000 cal yrs BP. Studies show that during this period the 
maximum occurred between 8000 and 7000 cal yr BP (Duplessy et al., 2001 and Haug et al., 
2001). Nevertheless, Thompson et al. (1995) suggested that the maximum occurred between 
6500 and 5200 yr BP.  
Concerning the regional discussion, Röthlisberger (1986) found warmer temperatures during 
the mid-Holocene in New Zealand, and Gagan et al. (1998) identified temperatures about 1° C 
higher than it is today around 5350 cal yr BP in Australia. In the North Pacific region, water 
temperature has been studied for the last 7000 yrs, showing an increase of 1.09° C up to the 
present for the South China Sea (Kim et al., 2004). However, these data are mentioned for the 
period from the mid-Holocene until today, assuming that the water temperature of the entire 
South China Sea does not affect coastal areas, where warm temperatures in the studied 
interval are a result of insolation that increased during the mid-Holocene. 
In northern Vietnam, paleoclimatic reconstructions were carried out in the Song Hong Delta 
(Red River). Li et al. (2006a; 2006b) reconstructed changes in vegetation through 
palynological study. Firstly, these works investigated the climate variation since the last 
deglaciation until the present time at the Song Hong Delta. Secondly, the climate change with 
anthropogenic impact during the Holocene was presented. For the period studied here, the 
above mentioned palynological records between 6500 - 5200 cal yrs BP indicated a cooling 
climate, which is in contrast to what is presented here as well as to what was described for 
northern Vietnam (Wei et al., 2007).  
Additionally, evidence of elevated mid-Holocene temperatures was derived from the deposit 
where the Spondylus sp had been. The deposit was completely composed by coral and 
mollusc fragments dated between 5686 to 4835 cal yr BP, indicating its time of formation. 
This attribute of beachridge, consisting of a great quantity of coral fragments, indicates that 
during the period of sea-level highstand a significant death rate of these organisms occurred. 
Coral bleaching occurs on three levels, all of them based on rising water temperature, when 
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the average temperature reaches 1 and 2° C above the mean water temperature in tropical 
regions or when temperatures exceed 30° C (Glynn, 1993, 1996; and Buchheim, 1998).  
5.6 Conclusions 
1. Modern δ18OPDB‰ and δ13CPDB‰ isotope values identified in shells corresponded to 
hydrological conditions where they were collected. This is mainly true for the salinity 
results that showed variable conditions of the coastal system: freshwater intrusion for 
the two M. lyrata specimens and evaporation/precipitation rates for M. lusoria.      
2. Due to the O-isotope measurement in the three growth profiles of shells, it was 
possible to elaborate a seasonal standard between isotopes and 
precipitation/temperature on the Nha Trang coast. Furthermore, with the knowledge 
of δ18OPDB‰ fluctuation within the system, it was possible to calculate precise values 
of δ18Ow. 
3. Through the high quality of isotopes measured on the modern shells it was possible 
to identify a precise seasonality for shallow coastal water.  
4. Water-paleotemperatures were calculated within the period 5605 - 5470 cal yr BP 
from one AMS-radiocarbon dated shell of Spondylus sp.      
5. These mid-Holocene paleo-water-temperatures record revealed warmer coastal 
waters than today. 
6. In more detail, estimations showed that during the maximum sea-level highstand the 
water was approx. 1° C warmer in the summer season than modern summer water 
temperatures from oceanographic measurements and recalculated from modern shells 
(cf. point 3). This indicates more pronounced seasonality in the mid-Holocene. 
7. Ca Na beachridge sea-level highstand indicators in SE-Vietnam are mainly coral 
fragments. The death of this high amount of coral might have been induced by an 
increase of water temperature.      
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8. Finally, warmer water paleotemperature in shallow water identified on the SE-
Vietnamese coast during the mid-Holocene 5604-5470 cal yr BP was probably 
connected with the “Holocene Thermal Maximum” in its later phase. 
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6. General discussion 
Different coastal sediment deposits such as beachrocks, beachridges, washover and backbeach 
were used as sea-level indicators to reconstruct the Holocene sea-level curve for SE-Vietnam. 
Holocene coastal evolution is characterized by a mid-Holocene sea-level highstand reaching 
1.52 m above the modern mean sea-level in the period 5690 to 5380 cal yr BP.  
Furthermore, paleotemperature in coastal water during the mid-Holocene sea-level highstand 
was investigated. The results were compared with modern water temperatures, which proved 
that during the sea-level highstand between 5687 to 5377 cal yr BP the coastal water had 
more seasonality than today with regard to summer season (Fig 5.10). The period in the mid-
Holocene characterized by a warmer water temperature might have provoked a significant 
death of constructor organisms, as coral fragments are the principal components deposited in 
beachridge. Despite the important premises already described in the present study for coastal 
evolution and paleoceanographic conditions some questions still remain unsolved. 
The first question which has to be raised is why there is a low occurrence of beachrocks along 
the SE-Vietnamese coast. 
Based on personal information and the information provided by authors as Korotky et al. 
(1995) and Tam (1991), the development of beachrocks was reported throughout the coast of 
Vietnam, but their occurrence is insignificant because of some hydrographic characteristics of 
the studied coast. 
The southeast Vietnamese coast displays several characteristics that make one expect the 
formation of even more beachrock, such as: supersaturation of CaCO3 dissolved in water, 
high water temperature and a mesotidal regime generating a wet-dry cycle at the shoreline 
being a favourable environment for the precipitation of calcium carbonate. However, these 
favourable conditions for beachrock formation are contrasted by some noteworthy 
characteristics of the SE-Vietnamese coast that impede their formation.    
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The storage of sediment perhaps is reduced on the SE-Vietnamese coast due to the different 
landforms, including mountains being located near the water and thus hampering the 
deposition of sediment at the coast due to the step slop. Moreover, the lack of sedimentation 
can also occur due to the regime of coastal currents that do not prevent sediment deposition, 
but transport it off the coast. The fact that beachrocks are always found in sheltered position, 
as in embayment or opposite of platform reefs, representing a low-energy environment, 
supports this interpretation (Fig. 3.1).         
The second important question is how beachridge is deposited in the coastal region. Is it only 
one deposit or is it fragmented in several places along the coast? 
Studies about beachridge on the SE-Vietnamese coast showed that it has the same 
characteristics proposed by Hesp et al. (2005), being deposits found above the maximum 
spring tide and provoked by storm-surge events.  
The deposits were found at three stations on the Vietnamese coast with approx. 34.8 km, of 
maximal distance between them. Two locations were in the vicinity of Ca Na town and the 
third was in Phan Rang, all showing very similar characteristics: sediment consisting almost 
exclusively of carbonate skeleton, buried in the relief and approx. 2.67 m above the present 
mean sea level in the stations of Ca Na. The location in Phan Rang, the height of beachridge, 
could not be taken into consideration because the place where the beachridge was found was 
heavily affected by anthropogenic activity.       
From these characteristics connected with the definition by Hesp et al. (2005), it could be 
inferred that the beachridge deposit may be only one formation, which is buried but runs 
parallel on the SE-Vietnamese coast. This argument was already discussed in chapter 4, but it 
has to be pointed out that the development of beachridge is a relevant issue concerning the 
coastal evolution in SE-Vietnam.  
The third question to be solved is: Why was no beachrock cementation process observed 
within the interval of beachridge formation?  
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The beachrocks in the studied area are outstanding sea-level indicators enabling to reconstruct 
a sea-level curve from the early mid-Holocene in two phases. The first phase is between 6721 
to 5869 cal yr BP, elevated at 1.32 m amsl; the second phase recognizes the final drop as well 
as the start of the sea-level stabilization, occurring between 3760 to 640 cal yr BP. However, 
during the period of beachridge formation from 5687 to 4836 cal yr BP, no beachrock 
cementation event could have been detected (Fig. 4.5).    
The absence of a cementation process maybe is linked with some environmental changes 
because beachrock cementation needs a combination of stable substrate (regular grain size) 
and a slow sedimentation rate (e.g. Scoffin, 1987 and Moore, 1989). In this way, an 
unfavourable environment for beachrock cementation can be induced by weather conditions. 
During the sea-level highstand in the mid-Holocene, when the beachridge was formed, the 
temperature of the water was warmer than at present (Fig. 5.10). Through the identification of 
warmer water temperature, it can be concluded that the climate conditions in the mid-
Holocene provided a sea-surface temperature that was warmer than it is in the present time.  
Several studies about climate conditions show that the increase of the sea-surface temperature 
has an immense impact on the weather conditions in so far as it turns their events more 
intense. As a result, the velocity of the wind, the storm frequency, and hurricane events are 
increased (e. g. Emanuel, 2005). The strengthening of these events is directly linked to an 
increase of the water current circulation as well as to storm-surge events. Thereby, an increase 
of the water force arriving on the SE-Vietnamese coast changed the characteristics of the 
beach substrate, preventing the cementation of beachrocks. 
In addition, a fourth question could be answered with regard to this scenery: How was the 
fragmentary up to pebble-size deposited into the beachrigde. 
Beachridge deposit consists of great amount of miscellaneous carbonate skeleton (see Fig. 4.4 
and 4.6a, b), consisting of organisms having died due to the warmer water temperature during 
the studied period. The deposition of this material above the maximum spring-tide level in the 
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mid-Holocene indicated that the waves as well as storm-surge regimes during this period was 
much stronger than today, caused also by intensification of storms, which was provoked by an 
increasing temperature.        
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7. Final conclusions and suggestions  
An exhaustive study and precise data have revealed that the coastal evolution in SE-Vietnam 
since the mid-Holocene has been strongly influenced by the sea-level highstand and the 
warming of the shallow sea during the mid-Holocene.  
On the southern Vietnamese coast, three examples of beachrocks were found at two locations 
in Ca Ná and Son Hai towns. They were found exclusively in the intertidal zone. The research 
indicated that their lithification took place in the intertidal zone and that afterwards this 
marine characteristic changed due to the influx of freshwater from the vadose environment. 
Furthermore, the beachrocks` ages suggested three intervals of lithification, which are linked 
to different stages of sea-level.    
The sea-level history in SE-Vietnam could be reconstructed with the help of beachrocks and 
beachridge. Through the beachrocks the sea-level rise as well as the sea level decline could be 
reconstructed. The sea-level highstand position was determined by investigating beachridge 
and underlying upperbeach deposits. 
Regarding the period of the sea-level highstand between 5690 - 5380 cal yr BP, the 
reconstruction of the water temperature for the time interval 5605 - 5470 cal yr BP showed 
warmer temperatures in summer season by 1° C than the present seasonal variation measured 
between 2002 to 2005. This warmer water-temperature in summer during the mid-Holocene 
might have provoked the bleaching of reef-corals, which could be destroyed and deposited in 
beachridge by storm-surges or other episodes induced by extreme weather conditions. 
As far as the evolution of the SE-Vietnamese coast is concerned, it was noted during this 
work that the SE-Vietnamese coast is less studied in comparison with other places in Vietnam 
as for instance the northern and southern deltas. Therefore, the demand for further study 
concerning this coastal area in order to better understand the coastal processes during sea-
level fluctuation in SE-Vietnam is high. The findings presented in this study already indicate 
that dates from the coastal areas of Vietnam can provide precise evidence for their evolution.    
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Thus, objectives of future works could focus on the investigation of the circumstances of 
transport and deposition of sediment by means of beachrock formation; geophysical records 
on the coastal area could be used to identify the real distribution of beachridge; coastal water-
temperature reconstructions covering a large time frame could enhance the knowledge about 
the sea-level highstand period.   
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App. 9.1. Complete list of analysed samples evaluated during the work. 
 
N° Coordinates Sediment-type Fossils 
VN 08110301 N10°56,578 // E108°17,987 Consolidate sand Bivalve 
VN 08110302 N10°54,981 // E108°17,658 Consolidate sand  
VN 09110302 N11°19,084 // E108°54,918 Beachridge Coral and Bivalve 
VN 09110303 " " Coral 
VN 09110304 N11°20,007 // E108°52,447 Conglomerate Oyster 
VN 09110305 " " Snail 
VN 09110306 N11°19,975 // E108°52,320 Beachrock Coral 
VN 11110301  Beach sandy  
VN 11110302 N11°19,434 // E108°50,260 Backshore Sand, partly with Bivalve 
VN 11110303 " "  
VN 11110304 " "  
VN 11110305 " " Bivalve 
VN 11110306 N11°19,796 // E108°50,496 Beachridge  (Top) Bivalve and coral 
VN 11110307 " Beachridge  (Mid) Bivalve and coral 
VN 11110308 " Upperbeach Sediment 
VN 11110309 N11°19,803 // E108°50,550 Beachrock Coral 
VN 11110310 " " Coral 
VN 11110311 N11°20,305 // E108°51,047 Washover Gastropod 
VN 11110312 " Aeolinite Sand (consolidated) 
VN 13110302 N12°42,947 // E109°22,839 Paleo Lagoon Oyster 
VN 15110301 N11°34,173 // E109°07,717 Notch Bivalve, corals 
VN 15110302 " "  
VN 15110303 " Part of trunk  
VN 15110305 N11°34,098 // E109°07,725 Aeolinite  
VN 16110302 N11°39,149 // E109°11,107 "  
VN 16110303 N11°39,098 // E109°10,234 " Coral 
VN 04050501 N11°19,958 // E108°50,774 Beachrock Coral 
VN 04050502 " " Coral 
VN 04050503 " " Bivalve 
VN 04050504 " " Coral 
VN 04050505 N11°20,058 // E108°51,422 Beachridge Bivalve 
VN 04050506 " "  
VN 05050501 N11°19,801 // E108°50,495 Beachridge Bivalve 
VN 05050501 (A)   Coral 
VN 05050502 " " Coral 
VN 05050503 " Aeolinite Gastropod 
VN 05050504 " Aeolinite  
VN 05050505 " Beachridge Coral 
VN 05050506 " " Bivalve 
VN 05050507 N11°19,993 // E108°52,429 Beachrock Coral 
VN 05050508 " " Coral 
VN 05050509 " " Bivalve 
VN 06050501 N11°43,368 // E109°12,023 Evaporite Bivalve 
VN 06050502 N11°42,873 // E109°11,968 Taphonomic area Coral 
VN 06050503 " " Coral 
VN 06050504 N11°24, 962 // E109°00,681 Platform reef  
VN 06050505 N11°24,946 //  E109°00,622 Beachrock Coral 
VN 06050506 " " " 
VN 06050507 " " Coral 
VN 06050508 " " Coral 
VN 07050501 N11°34,923 // E109°04,215 Beachridge Bivalve 
VN 07050502 " "  
VN 07050502 (A) " "  
VN 07050503 " " Bivalve 

































App. 9.2. Petrographic thin sections from SE-Vietnam coast. 
 
N° Coordinates Kind of sample Used in this work 
VN 08110301 N10°56,578 // E108°17,987 Consolidate sand  
VN 08110302 N10°54,981 // E108°17,658 Consolidate sand  
VN 09110304 N11°20,007 // E108°52,447 Conglomerate  
VN 11110310 " Beachrock * 
VN 11110312 " Aeolinite  
VN 15110301 N11°34,173 // E109°07,717 Notch  
VN 15110302 " "  
VN 15110303 " Part of trunk  
VN 15110305 N11°34,098 // E109°07,725 Aeolianite  
VN 16110302 N11°39,149 // E109°11,107 "  
VN 16110303 N11°39,098 // E109°10,234 "  
VN 04050501 N11°19,958 // E108°50,774 Beachrock * 
VN 04050502 " " * 
VN 04050504 " "  
VN 05050504 " Aeolinite  
VN 06050501 N11°43,368 // E109°12,023 Evaporite  
VN 06050504 N11°24.962 // E109°00,681 Piece of Platform reef  
VN 06050505 N11°24,946 // E109°00,622 Beachrock * 
VN 06050507 " " * 





















































App. 9.3. Petrographic thin sections from SW-Madagascar coast. 
 
N° Coordinates Kind of sample 
MD 06120303 23°38.089S//43°39.089E Beachrock 
MD 07120301 23°40.267S//43°38.233E " 
MD 07120313 " " 
MD 10120301 23°10.053S//43°36.509E " 
MD 10120305 23°09.793S//43°36.478E " 
MD 10120307 " " 
MD 13110401 - " 
MD 14110404 - " 
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App. 9.4. Fraction of aragonite in the carbonate material with AMS-radiocarbon and U/Th 
ages. 
 
N° Description Identification  
of X-RD  
% of 
Aragonite 
Age ky BP  Kind of date  
VN 08110301 Bivalve MDV-1 90 % - - 
VN 09110302 Bivalve MDV-2 100 % 1760 ± 25 BP AMS 
VN 09110303 Coral MDV-12 100 % 1470 ± 26 BP U/Th 
VN 09110304 Oyster MDV-13 91 % -  
VN 09110305 Snail MDV-14 95 % -  
VN 09110306 Coral MDV-3 94 % 5420 ± 30 BP AMS 
VN 09110306 Coral MDV-3 " 5490 ± 40 BP U/Th 
VN 11110302 Bivalve MDV-15 99 % 2110 ± 25 BP AMS 
VN 11110305 Bivalve MDV-16 100 % -  
VN 11110306 Bivalve MDV-4 100 % 5120 ± 55 BP AMS 
VN 11110307 Coral MDV-17 99 % 5270 ± 40 BP AMS 
VN 11110307 Bivalve MDV-17b 99 % -  
VN 11110307 Gastropod MDV-17c 100 % -  
VN 11110307 Coral MDV- 17d 99 % -  
VN 11110309 Coral MDV-18 96 % -  
VN 11110310 Coral MDV-5 97 % 3745 ± 30 BP AMS 
VN 11110311 Gastropod MDV-6 99 % 2075 ± 30 BP AMS 
VN 11110312 Gastropod MDV-19 24 % -  
VN 13110302 Oyster MDV-7 4 % > 1954 A.D. AMS 
VN 13110302 Oyster MDV-7b 66 % -  
VN 15110301 Bivalve 
fragment 
MDV-8 100 % 3215 ± 30 BP AMS 
VN 15110302 Bivalve 
fragment 
MDV-9 * 3225 ± 30 BP AMS 
VN 16110303  Coral MDV-10 96 % 3000 ± 28 BP U/Th 
VN 04050501 " MDV-34 92% 3615 ± 25 BP AMS 
VN 04050502 " MDV-35 100% 3325 ± 30 BP AMS 
VN 04050503 Bivalve MDV 24 98 % 6160 ± 35 BP AMS 
VN 04050504 Coral MDV-36 99% 6210 ± 35 BP AMS 
VN 04050505 Bivalve MDV-30 19% 2165 ± 25 BP AMS 
VN 05050501 Bivalve MDV-37 91% 4965 ± 30 BP AMS 
VN 05050501(A) Coral - - 5010 ± 30 BP AMS 
VN 05050502(A) Coral MDV-42 99% 5185 ± 30 BP AMS 
VN 05050502(B) Coral MDV-43 99% - AMS 
VN 05050503 Gastropod MDV-33 98% 4680 ± 35 BP AMS 
VN 05050507 Coral MDV-29 99% 6655 ± 40 BP AMS 
VN 05050509 Bivalve MDV-38 95% 5650 ± 40 BP AMS 
VN 06050501 " MDV-27 95% -  
VN 06050502 Coral MDV-39 99% 1260 ± 20 BP AMS 
VN 06050503 " MDV-31 100% 1290 ± 25 BP AMS 
VN 06050505 " MDV-32 99% 1005 ± 25 BP AMS 
VN 06050506 " MDV-40 68% -  
VN 06050507 "  * 1095 ± 35BP AMS 
VN 06050508 " MDV-41 98% 1570 ± 25BP AMS 
VN 07050501 Bivalve MDV-26 100% 4540 ± 30 BP AMS 
VN 07050503 " MDV-28 74% 3685 ± 30 BP AMS 












































App. 9.5. Isotope results in Meretrix lyrata “C. 
 
Distance of umbo δ18O PDB‰ δ13CPDB‰ 
1 -3,80 -1,17 
2 -3,86 -1,06 
3 -3,78 -1,01 
4 -3,84 -1,14 
5 -4,07 -1,23 
6 -3,93 -1,35 
7 -4,01 -1,73 
8 -4,10 -1,72 
9 -4,64 -1,96 
10 -4,45 -1,57 
11 -4,09 -1,24 
12 -4,86 -1,73 
13 -3,78 -1,71 
14 -3,96 -1,69 
15 -3,21 -1,62 
16 -2,93 -1,66 
17 -2,66 -1,38 
18 -2,98 -1,34 
19 -3,19 -1,11 
20 -3,50 -1,80 
21 -3,16 -1,69 
22 -3,68 -1,78 
23 -4,00 -1,52 
24 -4,04 -1,35 
25 -3,96 -1,42 
26 -4,79 -2,13 
27 -5,17 -2,04 
28 -3,83 -1,46 
29 -3,52 -1,38 
30 -3,37 -1,81 
31 -3,03 -1,98 
32 -3,26 -1,70 
33 -3,33 -2,20 
34 -3,39 -1,59 
35 -3,31 -1,65 
36 -3,41 -2,29 
37 -3,95 -1,70 
38 -3,68 -1,47 
39 -4,03 -1,65 
40 -4,18 -1,57 
41 -4,28 -1,61 
42 -3,95 -1,72 
43 -4,54 -1,90 
44 -3,65 -1,99 
45 -2,98 -1,37 
46 -3,20 -1,81 
47 -2,66 -1,94 
48 -2,51 -1,77 
49 -2,76 -2,00 
50 -3,06 -2,52 
51 -2,91 -1,72 








































App. 9.6. Isotopic results in Meretrix Lyrata “D”. 
 
Distance of umbo δ18O PDB‰ δ13C PDB‰ 
1 -3,95 -1,59 
2 -3,73 -1,61 
3 -3,76 -1,68 
4 -3,84 -2,42 
5 -3,78 -1,64 
6 -3,90 -1,26 
7 -4,09 -1,59 
8 -3,92 -2,12 
9 -3,83 -1,56 
10 -4,23 -1,96 
11 -4,35 -2,19 
12 -4,22 -2,09 
13 -4,04 -1,58 
14 -3,92 -1,57 
15 -3,69 -1,71 
16 -3,54 -1,46 
17 -3,61 -2,00 
18 -4,10 -1,66 
19 -3,19 -0,75 
20 -2,48 -1,01 
21 -2,40 -0,74 
22 -2,55 -0,88 
23 -2,43 -1,41 
24 -2,80 -0,62 
25 -3,21 -1,27 
26 -3,03 -1,31 
27 -2,93 -1,67 
28 -2,75 -1,36 
29 -3,02 -1,35 
29,5 -3,03 -1,49 
30 -2,75 -1,20 
30,5 -2,80 -1,00 
31 -2,92 -1,19 
31,5 -3,00 -1,57 
32 -2,96 -1,36 
32,5 -3,15 -1,52 
33 -3,56 -2,16 
33,5 -3,22 -1,65 
34 -3,10 -2,37 
34,5 -2,93 -1,68 
35 -3,15 -2,12 
35,5 -3,47 -2,48 
36 -3,47 -1,48 
36,5 -3,35 -1,85 
37 -3,45 -1,91 
37,5 -4,52 -1,84 
38 -4,98 -2,16 
38,5 -5,59 -3,46 
39 -3,41 -1,70 
39,5 -2,84 -1,45 
40 -2,35 -1,77 
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App. 9.7. Isotopic results in Meretrix lusoria. 
 
Distance of umbo δ18O PDB‰ δ13C PDB‰ 
1 -2,34 1,27 
2 -2,41 1,17 
3 -2,55 1,40 
4 -2,65 1,29 
5 -2,69 1,35 
6 -2,69 1,25 
7 -3,35 -0,08 
8 -2,85 0,31 
9 -2,68 0,30 
10 -2,25 0,38 
11 -2,77 0,36 
12 -3,05 0,14 
13 -2,35 0,33 
14 -2,13 0,36 
15 -1,89 0,28 
16 -2,15 0,32 
17 -1,98 0,33 
18 -1,94 0,56 
19 -1,92 0,53 
20 -2,15 0,42 
21 -2,21 0,53 
22 -2,45 0,48 
23 -2,69 0,26 
24 -2,39 0,31 
25 -2,46 0,16 
26 -2,55 0,37 
27 -2,46 0,49 
28 -1,95 0,64 
29 -2,12 0,75 
30 -2,37 0,79 
31 -2,64 0,63 
32 -2,17 0,81 
33 -2,44 0,58 
34 -2,62 0,71 
35 -2,76 0,61 
36 -3,13 0,26 
37 -3,05 0,21 
38 -2,96 0,39 
39 -2,93 0,40 
40 -3,05 0,29 
41 -3,38 0,12 
41,5 -2,38 0,41 
42 -1,89 0,65 
42,5 -2,21 0,55 
43 -2,13 0,77 
43,5 -1,98 0,92 
44 -2,27 0,61 
44,5 -2,30 0,45 
45 -2,78 0,70 
45,5 -2,30 0,48 
46 -2,46 0,75 
46,5 -2,11 1,06 
47 -2,47 0,88 
47,5 -2,79 0,32 
48 -2,94 0,41 
48,5 -2,69 0,50 
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49 -2,68 0,31 
49,5 -2,48 0,35 
50 -2,01 0,44 
50,5 -2,63 0,05 
51 -2,37 0,44 
51,5 -2,73 0,61 
52 -3,22 0,25 
52,5 -3,07 0,31 
53 -2,33 0,41 
53,5 -2,10 0,48 
54 -2,51 0,22 
54,5 -2,81 -0,21 
55 -2,09 0,31 







































App. 9.8. Isotope results in Spondylus sp. 
 
Distance of umbo δ18O PDB‰ δ13C PDB‰ 
1 -1,81 0,51 
2 -1,96 1,02 
3 -1,47 1,06 
4 -1,44 0,28 
5 -1,06 1,19 
6 -1,28 1,73 
7 -2,23 1,65 
8 -2,43 1,60 
9 -1,70 1,94 
10 -1,62 1,83 
11 -1,68 1,66 
12 -1,67 1,59 
13 -1,59 1,60 
14 -1,69 1,51 
15 -1,15 1,53 
16 -1,05 1,35 
17 -1,22 1,57 
18 -1,41 1,13 
19 -0,94 1,78 
20 -0,49 1,85 
21 -1,84 1,64 
22 -1,85 1,86 
23 -1,88 1,56 
24 -1,81 1,49 
25 -0,07 2,30 
26 -0,91 1,46 
27 -1,52 1,25 
28 -1,59 1,40 
29 -1,73 1,48 
30 -1,00 1,18 
31 -0,79 0,73 
32 -0,68 0,85 
33 -0,87 1,22 
34 -0,86 1,13 
35 -1,04 1,01 
36 -1,60 0,32 
37 -2,12 0,59 
38 -1,91 0,67 
39 -2,11 0,65 
40 -1,55 0,66 
41 -1,39 0,94 
42 -2,12 0,84 
43 -1,91 1,11 
44 -1,68 1,23 
45 -1,37 1,82 
46 -0,94 2,09 
47 -1,04 2,33 
48 -0,99 2,33 
49 -1,14 1,92 
50 -1,93 1,84 
51 -2,08 1,87 
52 -1,94 1,91 
53 -2,10 2,13 
54 -1,69 1,78 
55 -1,74 1,65 
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56 -1,81 1,47 
57 -1,76 1,59 
58 -1,78 1,42 
59 -2,24 1,84 
60 -2,17 1,75 
61 -1,79 1,90 
62 -1,61 1,72 
63 -2,59 0,14 
64 -1,65 1,14 
65 -1,08 1,27 
66 -0,69 2,01 
67 -0,72 2,38 
68 -1,23 1,77 
69 -1,14 1,09 
70 -1,53 1,17 
71 -1,41 1,58 
72 -1,15 2,52 
73 -1,01 2,16 
74 -1,93 1,79 
75 -1,52 1,85 
76 -1,25 2,23 
77 -1,24 2,09 
78 -1,66 1,83 
79 -1,92 1,88 
80 -2,42 1,65 
81 -2,33 1,56 
82 -2,56 1,54 
83 -2,24 1,75 
84 -2,20 1,29 
85 -0,66 1,09 
85,5 -0,91 1,03 
86 -1,29 1,57 
86,5 -1,07 1,29 
87 -1,52 1,69 
87,5 -2,45 0,78 
88 -2,37 1,06 
88,5 -2,11 1,34 
89 -2,07 1,55 
89,5 -2,24 1,43 
90 -2,27 1,38 
90,5 -2,01 0,86 
91 -1,58 1,31 
91,5 -1,34 1,34 
92 -0,74 1,51 
92,5 -0,94 1,64 
93 -0,77 1,61 
93,5 -1,20 0,93 
94 -1,48 1,03 
94,5 -1,10 1,18 
95 -1,52 1,02 
95,5 -1,59 1,06 
96 -2,46 1,34 
96,5 -2,12 1,01 
97 -2,41 1,35 
97,5 -2,30 1,64 
98 -2,22 1,73 
98,5 -2,58 0,90 
99 -2,00 0,93 
99,5 -1,02 1,61 
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100 -0,85 1,01 
100,5 -0,47 1,05 
101 -1,49 1,11 
101,5 -1,67 1,23 
102 -1,63 1,51 
102,5 -1,45 1,59 
103 -1,38 1,75 
103,5 -2,24 1,74 
104 -2,60 1,45 
104,5 -1,42 1,77 
105 -0,65 1,71 
105,5 -1,13 0,76 
106 -1,95 1,33 
106,5 -2,42 1,78 
107 -2,26 1,23 
107,5 -1,44 1,29 
108 -1,31 1,66 
108,5 -1,77 0,79 
109 -1,66 1,49 
109,5 -2,17 1,55 
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